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ABSTRACT OF THE DISSERTATION

MLLT3 Isoforms Regulate Hematopoietic Stem Cell Maturation and Fate Decisions

Anastasia Dmitrievna Vavilina-Halstead

Doctor of Philosophy in Molecular Biology

University of California, Los Angeles, 2024

Professor Hanna K.A. Mikkola, Chair

Hematopoietic stem cell (HSC) transplantation can cure life-threatening blood disorders
such as leukemias and inherited blood diseases. However, shortage of HLA-matched donors,
which disproportionally affects minorities and patients of mixed ethnic backgrounds, limits the
number of patients that can be treated. Ex vivo expansion or de novo generation of transplantable
human HSCs has not been successful due to poor understanding of the basic biology underpinning
key HSC traits - self-renewal, engraftment and multi-lineage differentiation ability (together
referred to as “stemness”). Previous studies identified MLLT3 as a key regulator of stemness in
human HSCs whose expansion declines in culture and differentiation, and demonstrated that

maintaining MLLT3 expression in culture expands transplantable HSCs.



The focus of this is the characterization of a truncated isoform of MLLT3 . Analysis of
RNA-seq data and epigenetic marks associated with the MLLT3 gene in human HSCs revealed a
second TSS linked to a novel MLLT3 isoform (MLLT3-S), which encodes a truncated protein that
can interact with known MLLT3 protein partners such as the Superelongation Complex (SEC) and
DotlL, but is unable to bind chromatin. MLLT3-L and MLLT3-S expression has opposing effects
on gene expression and expansion of human HSCs in culture, suggesting distinct but
complementary roles for the two isoforms. However, both isoforms of MLLT3 are necessary for
proper HSC function. The MLLT3-S enhancer is accessible prior to its induction in fetal liver
(FL) HSCs during their maturation, and coincides with downregulation of IGFBP2 expression.
IGFBP2 is typically downregulated during HSC maturation, but its renewed expression is required
for HSC proliferation in culture and MLLT3-L driven HSC expansion. The interplay between long
and short isoforms of MLLT3 in human HSCs may provide a mechanism by which mature HSCs

balance between expansion and maintenance modes.
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Chapter 1

Introduction



Preface

Since their discovery, stem cells have shown great promise, offering a multifaceted
approach to revolutionize our understanding and treatment of many diseases. Stem cells have been
explored for use in cell therapies for an ever-growing number of diseases and injuries, such as
Parkinson’s Disease, ALS, heart failure and spinal cord injuries'. They also offer a promising

t>3. The stem cell type most frequently used

platform for disease modeling and drug developmen
for clinical treatments are hematopoietic stem cells (HSCs)*. HSCs are specified early in
embryonic development and are the life-long source of all cell types in blood. Hematopoietic stem
cell transplantation has long been used to cure blood disorders such as leukemias and inherited
immunodeficiencies’. However, shortage of human leukocyte antigen (HLA)-matched donors,
limits the number of patients who can be treated, especially among ethnic minority groups®. The
development of protocols for expansion of transplantable human HSCs in ex vivo culture without
sacrificing their long-term health and engraftability could ameliorate this shortfall, but has so far
met with only limited success due to an incomplete understanding of the factors that maintain HSC
self-renewal and regulate HSC fate decisions, as well as approaches for sustaining the expression
of these factors ex vivo’. Adult HSCs can switch between quiescence and expansion as needed in
response to intrinsic and extrinsic signals without losing the capacity for multilineage
differentiation or exhausting the stem cell pool. Attempts to recapitulate these changes of cell state
in culture currently result in loss of self-renewal and transplantability®. For this reason, it is
essential to define the mechanisms underpinning HSC fate decisions and identify how these
mechanisms are maintained. In addition to providing new mechanistic insight into the fundamental

biology of HSCs, our findings could potentially be used to help establish or maintain HSC function

while expanding or manipulating human HSCs in culture prior to transplantation.



Another potential source of transplantable HSCs could be de novo generation of HSCs
from human pluripotent stem cells (PSCs). However, current methods for producing PSC-derived
HSCs result in cells that retain many traits of fetal HSCs and are unable to recapitulate the
maturation HSCs undergo during development’!3. Directed differentiation is unable to establish
the mechanisms needed for long-term reconstituting human HSCs. Our work seeks to not only
identify factors regulating HSC fate decisions, but also to uncover when these mechanisms are

established and how they contribute to HSC maturation.

1.1 — The Hematopoietic Hierarchy

Hematopoietic stem cells are tissue-specific multipotent stem cells that reside at the top of the
hematopoietic hierarchy!'*. The tissues in which HSCs are found, and which provide the
microenvironment to maintain HSCs in their undifferentiated state, are known as the niche. Bone
marrow is the main HSC niche in the adult*. Adult HSCs are primarily quiescent but can re-enter
the cell cycle and divide either symmetrically, whereupon both daughter cells remain HSCs and
facilitate the self-renewal and/or expansion of the stem cell pool, or asymmetrically, whereupon
one daughter cell remains an HSC while the other daughter cell begins to differentiate and becomes
a hematopoietic progenitor cell (HPC) to maintain active production of blood cells'>!®. Crucially,

dividing HSCs can also return to quiescence to prevent exhaustion of the HSC pool.

Although HPCs retain the multipotency of HSCs, they are more proliferative, and are
unable to self-renew or provide long-term engraftment upon transplantation'*. HPCs give rise to
lineage-restricted progenitors, such as common lymphoid progenitors (CLP) and common myeloid

progenitors (CMP), downstream of which are increasingly committed progenitor cells that



ultimately produce terminally differentiated cells with highly specialized functions. The lymphoid
lineage gives rise to natural killer (NK) cells, T-cells, and B-cells, whereas the myeloid lineage

gives rise to erythrocytes, platelets, macrophages, and granulocytes.

A common method for the identification and isolation of hematopoietic cell types is
through surface marker expression. The currently accepted definition of a human HSC is positive
for the markers CD34, CD90/THY 1, and CD49f/ITGA6, has low expression of CD38, and is
negative for CD45RA 7. This population can further be enriched for long-term repopulating HSCs
in cord blood and fetal liver samples through the expression of EPCR/CD201. Additionally,
GPI80/VNN2 can be used to enrich undifferentiated HSCs in fetal liver samples'®. However,
GPI80 has been confirmed to enrich for transplantable HSCs only in uncultured samples, and have
not yet been confirmed to do so in ex vivo expanded cells, and not all EPCR+ cells are engraftable
HSCs. The population of cells characterized by this immunophenotype is still heterogenous, and
only a fraction of them have proven to be true long-term repopulating HSCs upon transplantation.
Furthermore, while it is possible to generate hPSC-derived HSCs that are CD34+ CD38-CD90+,
these cells remain functionally immature and do not contain self-renewing, robustly transplantable

HSCs™'51%,
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Figure 1.1 The Hematopoietic Hierarchy

Diagram of the hematopoietic hierarchy, showing self-renewing, multipotent HSCs and their
progressively more differentiated progeny in the lymphoid and myeloid lineages. By A. Rad and

M. Haggstrom. released under the Attribution-Share Alike 3.0 Unported license

1.2 — Developmental Hematopoiesis

The development of the hematopoietic system can be broken up into three waves, of which
only the last leads to the emergence of definitive HSCs capable of maintaining lifelong
hematopoiesis. Even after the definitive HSCs emerge, they are immature and must undergo
maturation before they resemble adult HSCs®. This process is broadly preserved in vertebrates,

although the exact sites of HSC generation and maturation in some model organisms, such as
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zebrafish) differ from those in mammals'®. In mammalian development, hematopoiesis occurs
sequentially in the yolk sack, the aorta-gonad-mesonephrous (AGM) region, the placenta, the fetal

liver, and finally the bone marrow.

The first wave is generated by primitive hematopoietic progenitors originating from the
yolk sac before the start of circulation, at Carnegie stage (CS) 7-8 of human development. Their
potential is restricted to the myeloid lineage, and their primary purpose is to rapidly generate
primitive erythroblasts, although they also give rise to megakaryocytes and macrophages '°. The
primitive erythroblasts, which are initially nucleated, enter circulation with the initiation of the
heart beat (CS 10), whereupon they make their way to the placental vasculature and exit into the
villous stroma. Unlike definitive erythroblasts, which mature and enucleate in the site where they
are generated (e.g. fetal liver or bone marrow), primitive erythroblasts first enter circulation and
enucleate after arriving in the villous stroma with the aid of placental macrophages (Hofbauer
cells). These macrophages are generated in the placenta, suggesting that pre-circulation

macrophages may arise from several sources?’.

The second wave of hematopoiesis also consists of HSC-independent transient-definitive
progenitors emerging in the yolk sac. Transient definitive progenitors are still unable to self-renew,

but are partially multipotent, although most of them have limited lymphoid potential®!-?,

The third wave of hematopoiesis consists of the emergence and maturation of definitive
HSCs that replace previous progenitors. Definitive HSCs are self-renewing, able to produce all
blood cell types, and engraft upon transplantation (the gold standard for defining a “true”
functional HSC). The process of definitive HSC specification and emergence takes place in the
AGM, on the ventral side of the dorsal aorta. Following HOXA patterning, aortic endothelial cells

in this region begin to lose their aortic identity and transition first to pre-hemogenic endothelial

6



cells, identifiable by their expression of IL33, ALDH1A1, and DKK1, and then to hemogenic
endothelium (HE) cells, marked by the additional upregulation of RUNX1 and KCNK17°.

2425 and

Definitive HSCs emerge from HE at CS14-16, via intra-aortic hemogenic cluster
contribute significantly to human hematopoiesis from 6-8 developmental weeks onwards.
Transplantable cells are initially very rare in both mouse and human embryos, although single-cell
studies in embryos of both species identified an HSC population much larger than transplantation
assays suggest, implying that the functional immaturity of AGM HSCs impairs their engraftment
ability?*. Following their emergence, nascent HSCs passage through the placenta and subsequently
colonize the fetal liver, which is the main site of active hematopoiesis throughout the first and
second trimester. After undergoing dramatic expansion and functional maturation that involves

transition to a more quiescent, homeostatic state, HSCs embark on their final migration, this time

into the bone marrow, where the HSC pool will remain through birth and later life.

scRNAseq transcriptome mapping of human hematopoietic tissues from the first trimester
to birth revealed that definitive HSCs are distinguished from earlier hematopoietic progenitors by
the gene signature RUNX1+ HOXA9+ MLLT3+ MECOM+ HLF+ SPINK2+. This effort also
revealed that HSC maturation involves temporal shifts in gene expression, including the
suppression of genes characteristic of immature HSCs, such as CDHS, MEIS2, IGFBP2, and
HOXBY, and the upregulation of genes characteristic of mature HSCs, such as PROM1, HLA-
DRA, HEMGN, and MSI2 ?*. The changing biological processes within maturing HSCs can be
seen in the suppression of megakaryocytic and endothelial surface features, Fetal specific genes
and proliferation genes, upregulation of HSC stemness regulators, such as MLLT3 and HLF, and

acquisition of maturity surface markers such as PROMI1/CD133 and MHC class II*
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Figure 1.2 Waves of human hematopoiesis and the emergence of definitive HSCs

A. Diagram showing the three waves of hematopoiesis, their timing in respect to human
development, the tissues in which the respective hematopoietic HSPCs emerge, and the
differentiated cell types generated by each wave. An illustration depicting the anatomy of a
human embryo at CS15 is included as a reference for the localization of hematopoietic tissues.
B. Schematic illustrating the establishment of HE in the AGM, followed by HSC specification
and emergence. Key genes characteristic of each cell type and stage of development are
indicated next to the cell types that express them. Colored bars indicate temporal changes in

gene expression programs through this process.




1.3 — HSC Transcription Regulators

There are many transcription factors required sequentially for definitive HSC specification
and emergence, as well as the maintenance and expansion of HSCs throughout development and
later life. Most studies examining these factors have been done in animal (eg. mouse and zebrafish)
models or in the context of directed differentiation of hPSCs. Early in HSC specification, SCL/tall
and its protein partner, LMO2, as well as SOX17 are necessary for the specification of blood
lineage from the mesoderm. Following the establishment of hemogenic endothelium, RUNXI,
MLL (also known as MLL1, KMT2A, or ALL1), and Cdx4 have been demonstrated to be essential

for HSC emergence!®.

In definitive HSCs, a plethora of other factors are needed to maintain HSC identity. The
transcription factors HOXA9, HOXB4, HLF, and MECOM/EVII all contribute to HSC self-
renewal and proliferation®*. However, continued expression of some HSC specification factors,
such as SCL and RUNXI1, is not required for adult HSC survival and self-renewal, although it can
affect the differentiation of subsequent progenitor cells. Furthermore, single-cell studies of HSCs
and early progenitors revealed that these populations express low levels of factors characteristic
of multiple differentiated lineages, a phenomenon called lineage priming. This highlights the
heterogeneity of HSC populations, and suggests that expression of these factors is a way for stem

cells to maintain the possibility of many alternative fates until further differentiation occurs.

Many HSC transcription factors were first discovered as their dysregulation or mutation
was observed in hematologic malignancies. Deregulation of the SCL/tall locus leads to T cell
acute leukemias, while GATA1 mutations are commonly found in cases of transient abnormal

hematopoiesis and myeloid leukemia of Down syndrome®. Acute myeloid and lymphoid



leukemias can be driven by chromosomal translocations creating fusion proteins partnering MLL

with other transcription regulators, including MLLT3/AF9, AFF4/AF4, ELL, and ENL?"%,

Our previous research identified MLT3 as a novel upstream regulator of human HSC
transcriptional program®. MLLT3 expression is downregulated both during HSC differentiation
and culture, when HSCs lose self-renewal ability. MLLT3 (previously known as AF9) was first
identified as a component of the superelongation complex (SEC), which regulates the rate of
transcription elongation®'*2, and the DOT1L complex (DotCom), which catalyzes H3K79 di- and
trimethylation to promote active transcription?”*~>. The MLLT3 protein has two domains critical
to its function: an N-terminal YEATS domain which allows it to recognize activating histone
marks (e.g.H3K9ac)*®, and a C-terminal ANC1 homology domain (AHD) that enables interaction
with protein partners in MLLT3-containing complexes*-*’. The intrinsically disordered structure
of the AHD allows MLLT3 to interact with many different proteins, such as DOT1L, AFF1, AFF4,
and MLLT10?°21%2 and as shown more recently PRC1 Polycomb group proteins CBX8 and
BCOR, at least in leukemias®®. Notably, truncated MLL/MLLT3 fusion proteins, which combine
the AHD of MLLT3 with the N-terminal region of MLL, are associated with aggressive leukemias,
providing additional evidence that MLLT3 can be a powerful regulator of transcription in

hematopoietic cells?®**38,

We demonstrated that sustaining MLLT3 expression at physiological levels using lentiviral
overexpression (OE) vectors in human fetal liver (FL) and cord blood (CB) hematopoietic stem
and progenitor cells (HSPCs) promoted symmetric self-renewal and allowed the expansion of
transplantable HSCs without blocking their differentiation or inducing transformation to
leukemia*’. Knockdown (KD) of MLLT3 led to rapid loss of HSPCs in culture and rendered them
unable to engraft. We found that MLLT3 binds the transcription start site (TSS) of key HSC

10



regulatory genes such as ERG, HLF, and MECOM, and showed that MLLT3 OE increased
H3K79me2 in HSC regulatory genes bound by MLLT3 in cultured HSPCs. Importantly, MLLT3
binds genes in a cell-type specific manner, binding different sets of genes in HSPCs compared to
erythroid cells. These data suggest that MLLT3 is not a pioneer factor that establishes new
transcriptional programs, but rather maintains the transcription of genes activated by other factors,
thus protecting the expression of HSC stemness programs when HSCs divide®’. Examination of
MLLT3 expression in scRNAseq of human hematopoietic tissues throughout development also
showed that MLLT3 expression is present in hemogenic endothelium prior to HSC emergence and
increased throughout HSC maturation, suggesting that not only is MLLT3 expression key to
maintaining HSC cell identity upon ex vivo expansion, but also that HSC maturation involves

amplification of MLLT3-driven transcription programs>*.

Figure 1.3
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1.5 — Significance and Aims of This Dissertation

Key Question: How does MLLT3 promote HSC expansion without rendering them unable to

respond to environmental cues prompting quiescence or differentiation?

At the beginning of this study, our laboratory had made the initial discovery that human HSCs
may express an alternate isoform of MLLT3. The goal of this thesis is to test the hypothesis that
the newly identified second, truncated isoform of MLLT3 contributes to fine tuning the regulation

of HSC fate decisions.

Aim 1 — Validate the existence of MLLT3-S

Firstly, we aim to examine which isoforms of MLLT3 are expressed in human HSCs and validate
the expression of MLLT3-S transcript. We will also verify that MLLT3-S expression results in a

stable protein that is necessary for human HSC function.

Aim 2 — Investigate the role of a truncated MLLT3 isoform (MLLT3-S) in human HSC fate

decisions

We also aim to investigate the expression of a hitherto-uncharacterized truncated isoform of
MLLT3 (MLLT3-S) in HSCs and their downstream progeny, and evaluate the role it plays in HSC
fate decisions and transplantability. We will also investigate how MLLT3-S affects HSC
transcriptional programs, and how the effects of its expression compare to those of full-length
MLLT3 (MLLT3-L). This will expand our understanding of the mechanisms by which human
HSCs retain self-renewal, engraftment, and differentiation ability while alternating between active
and dormant states. Ultimately, greater understanding of these processes may lead to improved

protocols for expanding HSCs in culture while maintain their function and transplantability.

12



Aim 3 — Investigate the role of MLLT3 isoforms in human HSC developmental maturation

Secondly, we intend to evaluate the expression of MLLT3-S and MLLT3-L in fetal
hematopoietic tissues to determine at which stages of development each isoform is induced. We
will also define how changes in MLLT3 isoform expression affect the expression of genes
involved in HSC maturation and investigate the molecular mechanisms by which MLLT3 isoforms
regulate expression of these genes. Through this, we will enhance our understanding of the
regulation of HSC developmental maturation, which could lead to improved approaches for

ensuring the functional maturation of PSC-derived HSCs.
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Chapter 2

Role of MLLT3 isoforms in human HSC function
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Abstract:

MLLTS3 is a key regulator of human hematopoietic stem cell (HSC) self-renewal but it’s
expression declines in culture®’. Maintaining MLLT3 levels in cultured cord blood (CB) HSCs
results in expansion of transplantable HSCs without transformation or differentiation bias.
Analysis of RNA-sequencing data and epigenetic marks associated with the MLLT3 gene in
human HSCs revealed a second TSS linked to a novel MLLT3 isoform (MLLT3-S). MLLT3-S
encodes a truncated protein that retains the AHD domain responsible for protein-protein
interactions?®®, but lacks the chromatin binding YEATS domain®’*°. MLLT3-S overexpression
(OE) in hematopoietic cell lines confirmed the generation of a stable protein that interacts with
known MLLT3 protein partners DOT1L?***3% and superelongation complex (SEC)*!*%40 but
cannot bind chromatin. While MLLT3-L OE in CB HSCs promoted their expansion, MLLT3-S
OE suppressed it, implying distinct functions for the two isoforms in HSCs. Conversely, while
knockdown (KD) of MLLT3-L in CB HSCs triggered premature differentiation, MLLT3-S KD
resulted in relative expansion of immunophenotypic HSCs. However, although MLLT3-S
deficient HSPCs appeared phenotypically normal in culture, they engrafted poorly in
immunodeficient mice, showing that both isoforms of MLLT3 are necessary for proper HSC
function. scRNA and bulk RNA seq of HSPCs with MLLT3-L and/or MLLT3-S OE and KD
revealed that the two isoforms have opposing effects on expression of genes regulating key HSC
processes, such as mitochondrial biosynthesis and oxidative phosphorylation, translation, and
splicing, as well as several HSC transcriptional regulators. The interplay between long and short
isoforms of MLLT3 in human HSCs may provide a mechanism by which mature HSCs balance

between expansion and maintenance modes.
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Introduction:

It has been a long-standing goal to develop culture protocols that would enable ex vivo
expansion or de novo generation of transplantable human HSCs>’. To ensure life-long blood cell
production while preserving a healthy HSC pool, HSCs must be able to alternate between different
fates: quiescence, self-renewal (symmetric or asymmetric), mobilization/homing, differentiation,
and death'>!®. Adult HSCs can also enter cell cycle and expand in response to external stimuli, but
returning to quiescence is crucial for preventing HSC exhaustion®. These HSC fate decisions are
dictated by a myriad of intrinsic and extrinsic factors that need to be precisely regulated to maintain
stemness and healthy HSC pool. However, the molecular machinery that enables human HSCs to
alter their fate in response to signals in a reversible fashion and maintain stemness without
transformation or differentiation block, remains poorly defined. As such, it has proven difficult to
dictate these changes in HSC states in culture without compromising their self-renewal and

engraftment ability!”4!,

By searching for the genes in human HSCs that decline when HSCs lose self-renewal
ability during differentiation and culture, we previously identified MLLT3/AF9 as a master
regulator of human HSC “stemness”®!1%1930, Restoring MLLT3 expression in human cord blood
(CB) HSCs during culture expanded transplantable HSCs without impairing their ability to
differentiate. MLLT3’s ability to sustain the expression of regulatory factors involved in HSC
expansion (e.g. HSC transcription factors HLF and MECOM, protein synthesis machinery) was
linked to interactions with the DOT1L complex?’, which maintains the active chromatin mark
H3K79me2?%*336, MLLT3 also interacts with the Superelongation complex (SEC), which
regulates transcription elongation?!*>37340 Here we show that, in addition to expressing the full-
length MLLT3, human HSCs express a hitherto-unreported short form of MLLT3, MLLT3-S, that
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is transcribed from its own TSS. Together with MLLT3-L, MLLT3-S regulates HSC gene

expression and balances HSC expansion and maintenance modes.

Results:

MLLT3 gene harbors a second active TSS in human HSCs that promotes the expression of

a short MLLT3 isoform (MLLT3-S)

To understand MLLT3 regulation in human HSCs, we sought to identify regulatory
elements in the MLLT3 gene and performed ChIP-seq for histone marks in 2nd trimester human
fetal liver (FL) CD34+CD38loCD90+ HSPCs. Analysis of epigenetic marks characteristic of
active transcription start sites (TSS) (H3K4me3, H3K27ac and low H3K4mel) identified two
potential promoters within the MLLT3 gene: the expected TSS at the 5° end of the transcript, and
a putative alternative TSS between exons 5 and 6 (Figure 2.1A). The second TSS matched with
an annotated short MLLT3 transcript predicted to contain six 3’ exons (exons 6-11) of full length
MLLT3 and a unique 5’ untranslated region (alternative 5’ exon 1). The isoform associated with
the second TSS, hereby named MLLT3-S, is predicted to encode a truncated protein comprised of
the 162 C-terminal amino acids of the full-length MLLT3 (hereby referred to as MLLT3-L)
(Figure 2.1B). This truncated isoform lacks the sequences encoding the YEATS domain, which
is critical for chromatin binding by MLLT3, but retains the ANC1 homology domain responsible

for MLLT3 protein-protein interactions.

Examination of MLLT3 active regulatory regions in FL HSPCs by ATAC-seq revealed
that the putative MLLT3-S TSS is accessible in the most undifferentiated CD34+CD38-

CD90+GPI80+ FL HSPCs and becomes progressively less accessible in CD34+CD38-
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CD90+GPI80- and CD34+CD38-CD90- downstream progeny, while the canonical MLLT3 TSS
still remains accessible (Figure 2.1A). ATAC-seq also revealed an adjacent HSC-specific
regulatory site categorized as an enhancer based on histone marks (low H3K4me3, high H3K4mel

and H3K27ac), that closed with similar kinetics as MLLT3-S TSS upon FL HSPC differentiation.

RNA-seq in human 2nd trimester FL. and cord blood (CB) HSPCs demonstrated peaks
corresponding to the unique 5’ region of MLLT3-S (Figure 2.1A). The predicted MLLT3-S
transcript in human FL HSPCs was also verified by RT-PCR, and further validated by cloning and
sequencing using primers spanning the transcript from the alternative 5’ exon 1 to exon 11 (Figure
2.1C, Figure S2.1A). Detailed analyses suggested that human FL HSPCs may express two
different subvariant transcripts of MLLT3-S (7 or 8 exons) that have identical coding sequences
(spanning exons 6-11) but differ by the length of their 5’UTR. While the 5> UTR of the 7 exon
MLLTS3-S (named MLLT3-S1) contains one unique exon, the 5 UTR of the 8 exon variant (named
MLLT3-S2) contains two unique exons (Figure S2.1A, B). 5° RACE in human CB HSPCS
confirmed the presence of both subvariants of MLLT3-S with the 7 exon variant being detected
predominantly (Figure S2.1C). PacBio long read RNA sequencing analysis of 20 week fetal liver
and cord blood CD34+CD38lo HSPCs confirmed that isoforms matching the sequences of
MLLT3-L, MLLT3-S1, and MLLT3-S2 were the predominant MLLT3 isoforms expressed in

these tissues (data not shown).

Lentiviral overexpression of either the predicted coding region or the two MLLT3-S
subvariants with different length 5> UTR in hematopoietic cell lines resulted in a stable protein, as
verified by Western blot of the V5-tagged truncated protein (Figure 2.1E, F, Figure S2.1D, E).
Evaluation of MLLT3 isoform localization by subcellular fractionation showed that, in contrast to
MLLT3-L, which was observed in both nuclear soluble and chromatin bound fractions, MLLT3-
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S could only be detected in the nuclear soluble fraction, consistent with lack of a YEATS domain

(Figure 2.1F).

RNA-seq and Q-RT-PCR of different hematopoietic subsets in 2nd trimester FL showed
that MLLT3-S transcript was most abundant in undifferentiated FL HSPCs and became
downregulated in more differentiated progenitor cells (Figure 2.1D, Figure S2.1F). Q-RT-PCR
and RNA-seq data from freshly isolated and cultured CD34+CD38loCD90+ FL HSPCs showed
that MLLT3-S is downregulated during HSC culture to even greater degree than MLLT3-L, even
when different HSC supportive conditions were used (Figure 2.1D, Figure S2.1G). Together,
these data evidence highly regulated, HSC-enriched expression of a short isoform of MLLT3,

suggesting a specialized function in human HSCs.
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Figure 2.1. Human HSCs express a truncated MLLT3 isoform that is downregulated

during HSC differentiation.

A. ChIP-seq for histone modifications and ATAC-seq (iii) in human fetal liver HSPCs
document an alternative TSS (red box) and candidate enhancer (red dashed box) corresponding
to a short isoform of MLLT3. iii. RNA-seq of human fetal liver (FL), cord blood (CB) HSPCs
identify a peak corresponding to the alternative 5° exon of MLLT3-S (red box) demonstrating
MLLT3-S expression in human HSPCs. B. Diagram of MLLT3-L and MLLT3-S exons with
corresponding protein domains and location of RT-PCR and Q-RT-PCR primers. C. RT-PCR
in FL-HSPCs with isoform specific and primers shows bands of predicted length for MLLT3-
S transcript D. Q-RT-PCR quantification of MLLT3-L and MLLT3-S shows that MLLT3-S
expression declines during FL-HSPC differentiation. E. Diagram of FUGW lentiviral vector
used for MLLT3 isoform overexpression in HSCs. F. Subcellular fractionation of KG1 cells
overexpressing MLLT3-L and MLLT3-S demonstrating MLLT3-L enrichment in the nucleus
and ability to bind chromatin. Overexpression of MLLT3-S generates a stable protein that is
not associated with chromatin (n=3). G. Strategy for MLLT3 isoform lentiviral overexpression
in CB HSPCs H. Expansion of fetal liver HSPCs upon overexpression of MLLT3-L, MLLT3-
S, and MLLT3-L + MLLT3-S over 6 weeks of competitive culture, documenting expansion of
CD34+CD38°CD90+ HSPC upon MLLT3-L overexpression, but not MLLT3-S

overexpression. Data from n=2 independent experiments, n=3 samples total
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Overexpression of MLLT3-L, but not MLLT3-S, promotes human HSPC expansion in

culture

To compare the function of MLLT3-S to that of MLLT3-L in human HSPCs, we created
CD34+CD38—/10CD90+GPI80+ FL HSPCs that overexpressed MLLT3-S coding sequence
(MLLT3-SCDS), alone or together with MLLT3-L, in culture (Figure 2.1E-H). Although HSPC
culture results in gradual downregulation of both isoforms, FUGW lentiviral vectors can maintain
MLLTS3 transcripts at physiological levels (Calvanese et al., 2019). Overexpression of MLLT3-L
promoted the expansion of undifferentiated HSPCs over time, as previously shown (Calvanese et
al., 2019), whereas overexpression of MLLT3-S did not expand the undifferentiated HSPC
population (Figure 2.1G). The cells that overexpressed MLLT3-S together with MLLT3-L also
sustained HSPC maintenance, but to a lesser extent than the cells expressing MLLT3-L alone.
These data suggest that the long and short MLLT3 isoforms have distinct effects on human HSPCs,
and confirm the previous results that MLLT3-L is the key isoform promoting HSPC ex vivo

expansion.

Loss of MLLT3-L and MLLT3-S exerts opposing functions in cultured human HSPCs

To understand the unique functions of MLLT3 isoforms, we used lentiviral vectors to
knock down long and short MLLT3 isoforms alone, or together (Figure 2.2A). We designed and
validated two MLLT3-S specific short hairpins (sh3, sh4) that target the 1st alternative exon in
MLLT3-S 5’UTR (thereby targeting both MLLT3-S1 and MLLT3-S2), and used commercially
available and previously validated sh92 to target MLLT3-L (targets exon 2), and sh93 to

knockdown both MLLT3-L and MLLT3-S (targets exon 10 in the ANC homology domain)
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(Figure S2.2B). The ability of lentiviral shRNA vectors to knock down each isoform at the protein
level was first confirmed in K562 cells transduced with pLVX lentiviral vectors that co-express
V5-tagged MLLT3-S (MLLT3-SCDS, MLLT3-S1 or MLLT3-S2) or FLAG-tagged MLLT3-L,
and fluorescent proteins mCherry and GFP, respectively, via IRES (internal ribosomal entry site).
FACS analysis confirmed suppression of the fluorescent protein expression upon knockdown of
the overexpressed MLLT3-L or the different subvariants of MLLT3-S transcript (MLLT3-SCDS,
MLLT3-S1 and MLLT3-S2) (Figure S2.2C-E). Specifically, FACS analysis confirmed that
shRNAs against MLLT3-S (sh3 and 4) and both isoforms (sh93) knocked down both 5’UTR
subvariants of MLLT3-S, whereas MLLT3-SCDS could only be knocked down by sh93. Both
sh92and sh93 resulted in knockdown MLLT3-L. Downregulation of the protein and transcript
from two different MLLT3-S subvariants by sh3, sh4 and sh93 was also confirmed by Western

blot and Q-RT-PCR in K562 cells engineered to overexpress these variants (Figure S2, 2F,G).

Functional effects of loss of MLLT3 isoforms in sorted CB CD34+CD38—/10CD90+ HSPC
were evaluated ex vivo by assessing colony formation and HSPC culture expansion over time
(Figure 2.2A). Methylcellulose assays for transduced, puromycin selected HSPCs plated at day 6
showed that loss of MLLT3-L (either alone or together with MLLT3-S) results significant loss of
total colonies, with distinct loss of mixed erythroid/myeloid and erythroid colonies (Figure 2.2B).
Loss of MLLT3-S preserved all colony types but resulted in slight decline of total colonies that

was not statistically significant.

HSPC expansion culture revealed that knockdown of MLLT3-L (sh92) in sorted HSPCs
leads to precocious emergence of CD34+CD38hi cells by day 6 in culture, followed by a gradual
decline of undifferentiated HSPCs and total CD34+ cells (Figure 2.2C-G). In contrast, by day 6,
knockdown of MLLT3-S resulted in increased frequency of the most undifferentiated
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CD34+CD38—/10CD90+EPCR+ subset of CB HSPC compared to the control vector. Simultaneous
knockdown of both MLLT3 isoforms (sh93) created a complex phenotype — an immediate relative
expansion of CD34+CD38—/10CD90+EPCR+ cells by day 6, similar to MLLT3-S KD, followed
by a gradual loss of undifferentiated CD34+CD90+ cells, similar to MLLT3-L KD, but without an
increase in CD34+CD38+ cells (Figure 2.2C-G). These distinct responses to the knockdown of
MLLT3-S and MLLT3-L further confirm that the two isoforms have different roles in regulating
human HSC behavior, further shows that MLLT3-L is the key isoform required for the expansion

of undifferentiated, multipotent HSPC.
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Figure 2.2
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Figure 2.2. Both long and short isoforms of MLLT3 are required for human HSC

function.

A. Strategy for MLLT3 isoform lentiviral shRNA knockdown in CB HSPCs B. Quantification
of CFU-C in methylcellulose colony assay (mean and sd, data from n=2 independent replicates,
n=4 CB samples total). C-F. Flow cytometry analysis (C,E) and quantification (D,F) of human
HSPC marker expression in the progeny of CD34"CD38"°CD90" CB HSPCs transduced with
empty vector control or knockdown vectors targeting MLLT3 isoforms on day 6 (C, D) or day
16 (E, F) of culture. Data from n=3 independent experimental replicates, n=4 CB samples total.
G. Quantification of CB HSPC expansion in vitro following MLLT3 isoform KD (shown as
mean and SEM). H. Flow cytometry analysis of bone marrow from NBSGW mice transplanted
with the progeny of CD34°CD38°CD90* CB HSPCs transduced with MLLT3 KD vectors or
empty vector control. Representative FACS plots showing total human engraftment (hCDA45)
and HSPCs (hCD45'CD34"CD38"°) 24 weeks after transplantation. I. Quantification of
engraftment (hCD45) in mouse bone marrow 24 weeks after transplantation (n=3 independent

experimental replicates, n=11-12 mice per condition).

Both MLLT3 isoforms are critical for human CB HSPC engraftment and repopulation in

NBSGW mice

We next evaluated the effects of knockdown of the long and short MLLT3 isoforms in vivo
by transplantation to immunodeficient NBSGW mice (Figure 2.2A). CB HSPCs transduced with
lentiviral vectors against the MLLT3 isoforms were transplanted to female NBSGW mice at day

6 in culture, when all KD samples still contain undifferentiated HSPCs. The mice were analyzed
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by bone marrow biopsy at 18 weeks after transplantation and by harvesting hematopoietic tissues
at 24 weeks (Figure 2.2H,I). The empty vector control transduced HSPCs showed consistent
engraftment of human CD45 cells, many of which contained CD34+CD38+/- HSPCs and both
myeloid and lymphoid cells, while mice transplanted with HSPCs deficient for MLLT3-L or both
isoforms showed no engraftment. Interestingly, mice transplanted with HSPCs deficient for
MLLT3-S (sh3 or sh4) also showed minimal repopulation of hCD45 cells (Figure 2.2H,I).These
data confirmed that loss of full length MLLT3 results in complete failure of human hematopoietic
engraftment, and also revealed that although knockdown of MLLT3-S preserves
immunophenotypic human HSPCs in culture, these cells are unable to robustly reconstitute the
hematopoietic system upon transplantation. These data imply that expression of both long and
short isoforms of MLLT3 in human HSPCs is essential for proper HSC function, but through

unique functions.

scRNA sequencing reveals that MLLT3-L and MLLT3-S regulate HSC stemness programs

in opposing directions

To understand at the molecular level how MLLT3 isoforms control HSPC function, we
performed scRNA seq for the progeny of CD34+CD38loCD90 HSPCs from two cord bloods (male
and female) that were transduced with lentiviral knockdown vectors and sorted for CD34+ cells at
day 6 in culture (Figure 2.3A). Evaluation of HSPCs based on HSC marker genes HLF+ (HSC
transcription factor) or EPCR+ (marker of transplantable HSCs in culture), PROM1/CD133 (a
more broadly expressed HSPC marker in mature HSCs), and MYCT1 (novel HSC regulator that
declines in cultured HSCs) implied that all modified cells still possessed undifferentiated HSPCs,

although these populations were reduced in MLLT3-L KD (sh92) and MLLT3-L+MLLT3-S
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(sh93) KD knockdown cells (Figure 2.3B, C, Figure S2.3A). Distinct from all other HLF+ HSPC
populations that overlapped in UMAP, MLLT3-L KD HLF+ cells formed a distinct population.
Analysis of progenitor marker CD38+ expression in total CD34+ cells showed a drastic increase

in CD38+ cells in MLLT3-L KD cells, consistent with FACS analysis (Figure S2.2A).

To determine the molecular programs triggering the unique behaviors of MLLT3 isoform
KD HSPCs, we compared genes differentially expressed in HLF HSCs between control and
MLLT3-S KD (sh3, sh4), MLLT3-L KD (sh92) or knockdown of both isoforms (sh93). Pathway
analysis of the differentially expressed genes comparing MLLT3-L or MLLT3-S knockdown to
control cells using Enrichr revealed that many programs were dysregulated in opposing directions
by knockdown of the two isoforms (Figure S2.3B-D). Programs such as transcription (containing
classical MLLT3 targets such as HSPC transcription factors ERG%**% GATA23%47) and
protein synthesis machinery that were upregulated by MLLT3-OE in previous studies®® were
downregulated in MLLT3-L KD, but often upregulated in MLLT3-S KD HSPCs (Figure 2.3D-E,
Figure S2.3B-D). Conversely, programs that became upregulated upon loss of MLLT3-L such as
aerobic electron transport, mitochondrial translation, and cholesterol biosynthesis were
downregulated in MLLT3-S KD HSPCs (Figure 2.3D, F, Figure S2.3B-D), suggesting that the
two isoforms of MLLT3 can regulate the metabolic state of human HSPCs. Splicing was another

novel category upregulated upon loss of MLLT3-L, and downregulated upon loss of MLLT3-S.

To assure that the results were not skewed by method of selecting HSPCs based on
expression of one gene, HLF, we also selected HSPCs using PROM1 expression. The dysregulated
programs identified were very similar whether HSPC were defined by the expression of HLF or

PROMI1 (Data not shown).
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To assess whether the programs differentially regulated by MLLT3-L and MLLT3-S in
culture are direct target genes of MLLT3-L, the isoform that can bind chromatin, ChIP-seq was
performed on cultured CB CD34+ cells with and without MLLT3-L overexpression.MLLT3-L
binding was detected in all categories of genes, including the previously identified transcription
factor and protein synthesis genes that are activated by MLLT3-L, as well as the newly identified
MLLT3-L repressed categories such as splicing and aerobic electron transport (Figure 2.3G).
Together, these data show that MLLT3 long and short isoforms regulate many key HSC stemness
programs in opposing directions, suggesting MLLT3 isoforms may be used to control HSC

behavior and metabolic states.
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Figure 2.3
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Figure 2.3: Loss of MLLT3 long and short isoforms has opposing effects on HSC

programs

A. Strategy for scRNAseq following MLLT3 isoform-specific lentiviral ShARNA knockdown of
MLLT3 in CB CD34+CD38loCD90+ HSPCs B. UMAP clustering of CD34+ and CD34+
HLF+ cells following MLLT3 isoform-specific KD. C. Quantification of HLF+ cells in each
condition. D. Module scores showing selected gene ontology biological processes differentially
expressed in MLLT3-S and MLLT3-L knockdown HLF+ HSCs E. Selected genes in categories
that are upregulated by MLLT3-S KD and downregulated by MLLT3-L knockdown HLF+
HSCs. F. Selected genes in categories that are downregulated by MLLT3-S KD and
upregulated by MLLT3-L knockdown HLF+ HSCs. G. MLLT3-L binding in selected genes

from (E, F) with and without MLLT3 overexpression in cultured human CB HSPC

Conclusion

MLLTS3 is a critical human HSCs self-renewal regulator that couples the presence of

activating histone marks with the activity of protein complexes that regulate transcription

elongation, such as the SEC and DOTIL complex®**"*, Here, we demonstrate that human HSC

“stemness” is governed not only by the full-length MLLT3 but also by its truncated isoform,

MLLTS3-S, that can counteract the function of MLLT3-L. Rescuing the declining expression of

MLLT3 transcripts in cultured human HSCs by sustained expression of MLLT3-L drives the

expansion of cultured CB HSCs, whereas MLLT3-S has a suppressive effect. MLLT3-L and

MLLT3-S work together to offer two-dimensional regulation to key HSC programs such as

expression of HSC stemness transcription factors

mitochondrial metabolism

10,42-48 49,50

, protein synthesis machinery™~",

51-56 57-59

, and splicing’’™”, all of which are critical regulators of HSC fate,
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and their dysregulation can lead to dramatic consequences. The long and short isoforms of MLLT3
provide an additional level of control over MLLT3-mediated gene expression, allowing fine-
tuning of stemness programs so that HSCs can respond to different developmental and
physiological demands. This need for a dynamic response makes the expression of both MLLT3
isoforms critical for HSC function; although loss of MLLT3-S appears to have only a moderate
effect on HSC behavior in the ex vivo culture environment, it profoundly disrupts their

repopulation ability in the more dynamic context of in vivo transplantation.
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Figure S2.1. Validation of MLLT3-S transcript and protein in human hematopoietic cells

Related to Figure 2.1

A. Diagram of MLLT3-S transcript variants showing one or two alternative exons in the 5’
UTR, as well as their shared coding sequence. B. RT-PCR from FL
CD34"CD38°CD90"GPI80" HSPC demonstrates bands of expected size based on predicted
sequences of MLLT3-S 5’UTR variants C. Alignment of 5° RACE reads from
CD34"CD38°CD90" CB HSPCs demonstrates presence of predicted exons at 5> UTR D.
Diagram of pLVX MLLTS3 lentiviral overexpression vectors, including a version allowing
expression from native 5’UTR, used for KG1 and K562 cell line overexpression. E. Stable
overexpression of MLLT3-S1 or MLLT3-S2 transcript variants in K562 cell line produces
stable protein of expected size. F, G. Bulk RNAseq demonstrating expression of unique
MLLTS3-S exons in FL hematopoietic cells during differentiation (F) and culture (G). H. Q-
RT-PCR quantification of MLLT3 isoform expression in different culture conditions. I.
Representative flow cytometry analysis showing CD34+ CD38lo population and CD34+
CD38lo CD90+ populations in competitive culture of human FL HSPCs following lentiviral
overexpression of MLLT3 isoforms. J. Representative flow cytometry analysis of fluorescent
marker expression in same assay as I. Blue shows MLLT3-L OE or empty vector control, red
shows MLLT3-S OE or empty vector control, purple shows MLLT3-L and MLLT3-S or empty

vector control. (n=2 independent replicates, n=3 samples total)
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Figure S2.2
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Figure S2.2. Strategy of knockdown of MLLT3 isoforms. Related to Figure 2.2.

A. Diagram of pLKO vector for MLLT3 isoform-specific lentiviral knockdown in cell
lines and primary human HSPCs. B. Diagram showing locations of shRNA targets for
isoform-specific MLLT3 shRNA knockdown. C. Flow cytometry analysis showing
fluorescent selection marker expression in K562 cell lines stably overexpressing MLLT3-
L and MLLT3-S1, MLLT3-S2, or MLLT3-S coding sequence (MLLT3-Scds) following
MLLT3-S isoform-specific shRNA knockdown. Reduction of selection marker
fluorescence indicates decreased expression of corresponding overexpressed protein.
Representative plots shown n=3. D, E. Quantification of median fluorescence intensity
(MFI) of MLLT3-L selection marker fluorescence (ZsGreen) D. and MLLT3-S transcript
variant selection marker fluorescence (mCherry) E., following isoform-specific MLLT3
knockdown (n=3). F. Western Blot showing expression of MLLT3-S (detected with anti-
V5 antibody) in K562 cell lines with stable overexpression of V5-tagged MLLT3-S1 or
MLLT3-S2 variants (also shown in Figure S1) and their loss following lentiviral shRNA
knockdown of MLLT3-S (n=1) G. Quantification of Q-RT-PCR showing MLLT3
1soform expression in K562 cell lines stably overexpressing MLLT3-L and MLLT3-S1 or

MLLT3-S2 following MLLT3-S isoform-specific shRNA knockdown (n=1)
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Figure S2.3
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Figure S2.3. MLLT3 isoform knockdown effects on HSPC numbers and differentially

regulated programs Related to Figure 2.3

A. Quantification of key human HSC markers in scRNAseq following MLLT3 isoform-
specific lentiviral shRNA knockdown of MLLT3 in CB CD34+ CD38lo CD90+ HSPCs B-D.
Top GO categories that are either up- or downregulated following knockdown of MLLT3-L

(B), or MLLT3-S (C, D).
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Abstract

Understanding the mechanisms that regulate human HSC maturation during
development is key for the improvement of protocols for directed differentiation of transplantable
PSC-derived HSCs. So far, it has been documented that human PSCs can differentiate to HSPCs
that resemble closely nascent HSCs found in human AGM region, but they do not mature to fully
functional, robustly transplantable HSCs that are found in fetal liver or bone marrow®!***, The
transcriptional regulator MLLT3 has previously been shown to be expressed early during HSC
specification, and increase in expression throughout HSC maturation, suggesting it may play a role
in this process®*. However, this scRNA seq dataset does not by default differentiate between
MLLTS3 isoforms. Bulk RNA-seq and scRNAseq analysis of human developmental tissues
revealed that, while MLLT3-L is expressed already in hemogenic endothelium in the embryo,
MLLT3-S is induced in maturing fetal liver HSCs. The induction of MLLT3-S expression is
closely correlated with the downregulation of IGFBP2, a regulator associated with HSC expansion
and highly proliferative immature HSCs. scRNA and bulk RNA-seq of HSPCs with MLLT3-L
and/or MLLT3-S OE and KD revealed that MLLT3-S suppresses IGFBP2 expression in vitro,
while MLLT3-L increases it. This suggests that by suppressing MLLT3-L-driven expression of
IGFBP2 and HSC expansion, MLLT3-S may promote HSC maturation in the fetal liver and their
transition to a more homeostatic state. Co-immunoprecipitation (Co-IP) experiments in
hematopoietic cell lines demonstrated that MLLT3-S and MLLT3-L are able to bind the same
protein complexes. As MLLT3-S is unable to bind chromatin, we propose that MLLT3-S
sequesters these protein complexes, preventing them from binding to MLLT3-L and being directed

to genes whose expression is regulated by MLLT3-L
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Introduction While significant progress has been made in the design of protocols for the
reprogramming of hPSCs into HSPCs, the HSPCs produced using these methods remain
functionally immature and cannot be used for transplantation in the clinic®!>**. Our poor
understanding of the factors involved in HSC maturation during human development is a continued
roadblock to recapitulating this process in PSC-derived HSCs. Human development includes
multiple waves of hematopoiesis arising from multiple anatomical sites’!#2°23>2>_Only the third,
final wave generates definitive HSCs'®?*%. These cells emerge from hemogenic endothelium in
the AGM and travel through the bloodstream and extraembryonic hematopoietic tissues to
colonize the fetal liver, where they undergo rapid expansion and maturation®?*. When they first

emerge, only a small fraction of AGM HSPCs engraft upon transplantation!60-62

, suggesting they
are functionally immature. FL HSPCs in the second trimester, however, are robustly
transplantable, although they are still more proliferative and differ from transplantable HSPCs

9,

found in CB at birth and later in adult bone marrow®?*, indicating that HSC maturation continues

throughout human development and early life.

To identify the temporal changes in transcription programs that occur during HSC
developmental maturation, our lab carried out scRNA-seq on fetal hematopoietic tissues from the
first and second trimester as well as CB. This project identified a “maturation scorecard” of genes
whose expression serves as a hallmark of HSC maturation®*. scRNA-seq comparisons of PSC-
derived HSPCs to first and second trimester human HSCs have revealed that they most closely
resemble AGM HSCs from CS14/15, not maturing FL HSCs or CB HSCs, underscoring that their
inability to engraft upon transplantation could be due to their functional immaturity. Tracking
MLLT3 expression using this sScRNA-seq map of human HSC development revealed induction of

MLLT3 already during endothelial to hematopoietic transition in the AGM and increased
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expression during HSC maturation, suggesting an earlier role in human HSC ontogeny?*. However,
scRNA analysis did not distinguish between MLLT3 isoforms. Here we show that MLLT3 isoform
expression is developmentally regulated, and are expressed at different stages of HSC emergence
and maturation. We show that expression of MLLT3-S is induced robustly in fetal liver HSCs and
may contribute to HSC maturation by suppressing the expression of the onco-fetal gene IGFBP2.
We further propose a mechanism by which MLLT3-S counteracts the effect of MLLT3-L on gene

expression through the interaction with same protein partners.

Results
MLLT3-S expression is developmentally regulated during human HSC maturation

Our previous studies have shown that MLLT3 expression is enriched in human fetal liver
and cord blood HSCs and maintains their stemness®, and our new analysis shows that both
MLLT3 isoforms are expressed in FL and CB HSPCs, but the timing when MLLT3 isoforms are
induced is unknown. Analysis of single cell RNA seq data that captures human HSCs throughout
ontogeny revealed that MLLT3 expression can already be observed during human HSC
emergence. Specifically, scRNAseq analysis of human 5 week (CS14-15) AGM revealed MLLT3
expression during EHT (endothelial to hematopoietic transition) in arterial pre-HE (pre-hemogenic
endothelium), HE (hemogenic endothelium) and nascent HSCs (Figure 3.1A), and further

2463 | However, since the standard 10X Genomics scRNAseq

upregulation during HSC maturation
analysis does not distinguish between MLLT3 isoforms. we analyzed bulk RNA seq data from

hematopoietic tissues throughout human fetal development and defined the expression patterns for

the long and short isoforms. This analysis verified induction of MLLT3-L in human 5 week (CS15)
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AGM endothelium (CD34+CD90+CD43-) and HSPCs (CD34+CD90+CD43+), and minimal
expression in CD34+CD90-CD43+ HPCs. In contrast, MLLT3-S expression was not detected in
AGM endothelium and HPCs and was very low or undetectable in AGM HSPCs (Figure 3.1B).
MLLT3-S expression was greatly increased in FL HSPCs during the second trimester (15-17
weeks). These data suggest that MLLT3-S is induced after HSPC emergence and is
developmentally regulated in maturing human HSPCs. The induction MLLT3-S during HSC
maturation was subsequently validated at single cell level by selecting HLF+ HSCs from the
scRNAseq data and visualizing MLLT3-S specific peak in maturing FL HSCs (Figure 3.1C).
These data imply that MLLT3 isoforms are developmentally regulated, with MLLT3-L being
induced already during human HSC specification and emergence in hemogenic endothelium, and

MLLT3-S being induced later during human HSC maturation.
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Figure 3.1. MLLT3-S expression is developmentally regulated during human HSC

maturation

A. Analysis of single cell RNA seq data from CS14-15 (4-5wk) human AGM shows induction
of MLLT3 expression during EHT and in emerging HSCs. B. Bulk RNA-seq shows induction
of MLLT3-L already in human 5 week AGM HSPCs, whereas MLLT3-S is only robustly
expressed in the 2™ trimester fetal liver, cord blood and adult BM. C. Conversion of scRNA
seq data of HLF+ expressing HSCs from 5 week AGM and 6, 8, 11 and 15 week liver and cord
blood to UCSC browser session documents induction of MLLT3-S specific 5° exon in HSCs
maturing in the liver. D. Single cell 10X Multiome analysis visualizing EHT genes in specified
populations documents similar progression of EHT in nuclear RNA as in total RNA (see 4A).
E. UMAP clustering showing that MLLT3 is expressed highly throughout EHT. F. Evaluation
of accessibility of MLLT3 gene in Multiome shows opening of MLLT3-S regulatory elements
in pre-HE, HE, and HSCs, and minimal accessibility in venous endothelium or differentiating

progenitors.

MLLT3-S regulatory elements become accessible during endothelial-to-hematopoietic

transition in the AGM

To track the induction of MLLT3-S during human HSC ontogeny, we carried out 10X
Genomics Multiome analysis (combined scRNAseq and scATACseq) on human developmental
hematopoietic tissues. Multiome analysis of 5 week AGM confirmed expected developmental
transitions from arterial hemogenic endothelium to HSCs (Figure 3.1D), as observed with scRNA
seq data (Figure 3.1A). Analysis of MLLT3 peaks during endothelium to hematopoietic transition

revealed that MLLT3-S regulatory elements (promoter and associated HSC-specific enhancer) are
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already accessible during HSC specification, most notably in pre-HE (IL33+ arterial endothelium),
HE (hemogenic endothelium, CDH5+RUNXI1+KCNK17+PTPRC-) and HSCs (HLF+) in 5wk
AGM region, before MLLT3-S transcript can be detected (Figure 3.1E, F, Figure S3.1A). Venous
endothelium and non-HSC hematopoietic cells did not show accessibility in MLLT3-S regulatory

elements, although MLLT3-L TSS was open.

Comparison of Multiome data between 5 wk AGM, liver and 13 week FLL HSC (HLF+)
showed robust accessibility of both elements in 13 week FL, consistent with abundant expression
of MLLT3-S specific peak in FL HSPCs in bulk RNAseq and HLF selected cells from Multiome
data (Figure S3.1 B,C). In contrast, FL erythroid cells showed expression of MLLT3-S transcript
and accessibility of MLLT3-S, but did not show accessibility of MLLT3-S HSC enhancer, but

rather a different erythroid specific regulatory element distal to MLLT3-S TSS (Figure S3.1C).

Together these data document that MLLT3 isoforms are sequentially induced during HSC
development, with MLLT3-L being induced already during EHT and MLLT3-S later during fetal
development, and mature HSCs express both isoforms. Nevertheless, the earlier opening of the
MLLT3-S TSS and HSC enhancer in AGM pre-HE, HE and nascent HSCs may be used as an
indicator of specification to the HSC lineage. Moreover, these data raised the question of whether
the later induction of MLLT3-S may be functionally linked to maturation of HSCs during

development.

MLLT3 isoforms differentially regulate genes that reflect FLL HSC maturation stage

To understand the significance of MLLT3-S on HSPC function during fetal stage, we

performed RNAseq analysis on sorted 2™ trimester FL CD34"CD38"°CD90" HSPCs after 4 week

56



culture with control vector, or MLLT3-L or MLLT3-S overexpression vector. Although cultured
cells downregulate both isoforms and overexpressing the different isoforms have different effects
on HSPC expansion rate, even the control cells with HSPC immunophenotype retain baseline
expression of MLLT3 isoforms. As such, this experimental set up does not create HSPCs in which
only one MLLT3 isoform is expressed, but a model where relative ratios of the isoforms are
altered. Moreover, we observed that MLLT3-L also binds to both its own TSS and MLLT3-S TSS,
and when overexpressed in cultured HSPCs, also improves MLLT3-S expression, indicating auto-

and cross regulation between the two isoforms (Figure S3.2A).

Analyzing the differentially regulated genes in cultured FLL HSPCs documented that
altering levels of the two MLLT3 isoforms influences many key HSC programs, and suggested
that also in FL-HSCs, MLLT3-S helps balance many important processes involved in HSC fate
decisions that are regulated by MLLT3-L (Figure S3.2B). MLLT3-L overexpression in FL-HSPCs
enhanced the expression of many HSC transcription factors (HLF, MECOM, ERG, LMO2,
GATA2)!042-486468 and protein synthesis machinery, as shown previously, whereas MLLT3-S
overexpression suppressed many of these genes (Figure 3.2A), concordant with CB HSPC
MLLTS3 isoform KD studies (Figure 2.3). MLLT3-L also promoted the expression of other
regulatory factors expressed in developing HSCs (KIT, ADGRG6, IGFBP2),”*+%7! whereas
MLLT3-S suppressed them. In contrast, MLLT3-S expression within cultured FL-HSPCs led to
upregulation of B lymphoid genes (IL7R, EBF1, JCHAIN), which were suppressed by MLLT3-L,
implying MLLT3 isoforms can also differentially regulate HSC lineage potency or priming. Other
MLLT3-S induced genes include genes involved in cell cycle checkpoints and cell adhesion and

migration (ROCK2, ARHGAPS) (Figure 3.2B).
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One of the genes most strongly differentially regulated in cultured FL HSPCs by the long
and short MLLT3 isoforms was IGFBP2 (Insulin-like growth factor binding protein 2) (1.97-fold
upregulated by MLLT3-L, and 4.41-fold downregulated by MLLT3-S, compared to control)
(Figure 3.2A, D, E). IGFBP2 is an onco-fetal gene expressed in highly proliferative

7273 and is reactivated in some cancers such as treatment resistant

developmental tissues
leukemias’*”>. ScCRNA seq analysis of human HSCs at different stages of ontogeny identified
IGFBP2 expression as being characteristic of immature human HSPCs, and that decrease in
IGFBP2 expression in liver HLF+ HSPCs between 6-8 weeks of development coincides with other
molecular hallmarks of HSC maturation and acquisition of adult type functional properties®,
including gradual transition to quiescence and establishment of robust BM engraftment ability

(Figure 3.2E). The induction of MLLT3-S expression in liver HSPCs between 5 and 6 weeks

coincided with the downregulation of IGFBP2 in these cells (Figure 3.2F).

Although IGFBP2 expression becomes silenced in fetal liver HSCs by the second trimester,
our culture data revealed that prolonged culture can reactivate the expression of IGFBP2 in FL and
CB HSPCs (Figure 3.2C, D, E). MLLT3-L overexpression further upregulated IGFBP2
expression while MLLT3-S suppresses it in cultured FL- and CB HSPCs. Since supplementation
of soluble IGFBP2 in culture has been shown to stimulate HSC expansion, these data raised the
hypothesis that the differential regulation of IGFBP2 by MLLT3 isoforms in cultured HSPCs may
contribute to the observed isoform-specific functional effect that MLLT3-L expression stimulates
HSC expansion in culture, whereas MLLT3-S suppresses it. Similar to FL HSPCs, culture-induced

upregulation of IGFBP2 was also observed in cultured CB HSPCs (Figure 3.2D, E).
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Figure 3.2
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Figure 3.2. MLLT3 isoforms regulate IGFBP2 expression during HSC development and

culture

A,B. Selected genes differentially regulated by lentiviral overexpression of MLLT3 isoforms
in CD34+CD38!°CD90+FL HSPCs after 4 week culture, as identified by bulk RNAseq (n=2).
A. shows genes upregulated by MLLT3-L and downregulated by MLLT3-S, while B. shows
genes downregulated by MLLT3-L and upregulated by MLLT3-S. C. scRNAseq of human
fetal hematopoietic tissues showing IGFBP2 downregulation in FL HSCs during maturation
and upregulation in cultured CB HSPCs D. Bulk RNAseq shows IGFBP2 is one of the genes
most strongly differentially regulated by MLLT3 isoforms. E. Q-RT-PCR quantification of
IGFBP2 expression in cultured human FL and CB following MLLT3 isoform overexpression.
F. Bulk RNAseq of FL HSPCs demonstrates MLLT3-S induction during fetal HSC maturation.
G,H Flow cytometry analysis of human HSPC marker expression in the progeny of
CD34"CD38°CD90" CB HSPCs transduced with empty vector control or knockdown vectors
targeting IGFBP2 on day 6 G. or day 16 H. of culture. I. Quantification of
CD34+CD38loCD90+ HSPC expansion following IGFBP2 KD in CB HSPCs (data from n=2
independent experimental replicates, n=4 CB samples total). J. Quantification of CFU-C in
methylcellulose colony assay (mean and sd, data from n=2 independent replicates, n=4 CB

samples total)
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IGFBP2 is a key target gene differentially regulated by MLLT3 isoforms that promotes

sustained human HSPC culture expansion

Since IGFBP2 is upregulated by MLLT3-L and downregulated by MLLT3-S in cultured
FL and CB HSPCs, we sought to define whether cell-intrinsic IGFBP2 acting downstream of
MLLT3 has a function in sustaining human HSPC expansion. CD34+CD38!°CD90+ human CB
HSPCs were transduced with two different previously validated IGFBP2 shRNA vectors, sh75 and
sh77 and empty vector control, and transduced cells were cultured and analyzed by FACS for
markers of HSPC identity (CD34+ CD38!°CD90+ EPCR+) over time. Both IGFBP2 knockdown
vectors severely limited CB HSPC expansion in culture (Figure 3.2G-I): while control HSPCs
continued to expand until day 22, IGFBP2 knockdown HSPCs showed minimal expansion of
CD34+CD38°CD90+ cells from day 6 to day 16 and day 22 (Figure 3.2I). This lack of expansion
mimicked the phenotype of MLLT3-L KD (Figure 3.2F). These data show that loss of cell-

intrinsic IGFBP2 severely limits human HSPC expansion in culture.

To assess whether IGFBP2 is required for the pro-expansion effect observed with MLLT3-
L overexpression in cultured human HSCs, CB HSCs were transduced with various combinations
of MLLT3-L OE, IGFBP2 KD, and control vectors (pLKO for KD control, FUGW vector for OE
control) and CD34+CD38°CD90+ HSPC were quantified by FACS over time. As previously
observed, IGFBP2 knockdown samples showed minimal HSC expansion between day 6 and day
16 or day 21, whereas control (FUGW/pLKO) and MLLT3-L OE samples showed the greatest
fold change in expansion. Importantly, IGFBP2 KD/MLLT3-L OE cells showed no significant
difference in fold change (p>0.05, unpaired t test) compared to IGFBP2 KD samples,

demonstrating that knockdown of IGFBP2 eliminates the HSC expansion effect induced by
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MLLT3-L OE (Figure S3.2C,D). Together, these data show that IGFBP2 expression is required

for MLLT3-L to promote robust CB HSPC expansion in culture.

To assess whether IGFBP2 may contribute to the establishment of differentiated blood cell
lineages (as previously observed with MLLT3), we next assessed the effect of IGFBP2 knockdown
on myelo-erythroid lineage differentiation using a methylcellulose CFU assay. After 15 days in
culture, IGFBP2 knockdown samples formed fewer colonies and, similar to knockdown of
MLLT3-L, showed defects in mixed and erythroid colony production as compared to control
samples (Figure 3.2J). These data indicate that like MLLT3-L, IGFBP2 is important for

maintenance of multipotent human HSPCs in culture.

To investigate the mechanism by which MLLT3 isoforms can regulate the expression of
IGFBP2, ChIP-seq was performed on cultured CB CD34 cells with and without MLLT3-L
overexpression. This verified that MLLT3-L, the isoform able to bind chromatin, binds the
IGFBP2 gene (Figure 3.3A). Furthermore, ChIP-seq for H3K79me2 revealed the increased
MLLT3-L binding to IGFBP2 also leads to increased H3K79me?2 within this gene (Figure 3.3A),
explaining its increased expression with MLLT3-L OE. MLLT3 is a known component of the
DOTIL complex, which carries out H3K79 methylation. Thus, we can infer that increased
MLLT3-L binding to IGFBP2 increases DotCom activity at this site, leading to increased IGFBP2
expression. Although MLLT3-S is missing the YEATS domain and is unable to modulate gene
expression by binding chromatin, it does retain the protein-binding ANCI1 homology domain
(which MLLT3-L also contains). To assess whether the AHD allows MLLT3 isoforms to bind the
same protein partners in the DotCom and SEC, we carried out Co-IP followed by mass
spectrometry in K562 cells with either MLLT3-L or MLLT3-S OE. We found that both MLLT3-
S and MLLT3-L bound the SEC components AFF1, AFF4, and ELL, as well as the DotCom
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components DOTIL and MLLT10%*3!334% (Figure 3.3B,C; Table 3.1). MLLT3-S IP also pulled
down MLLT®6, also a known MLLT3 protein partner and DotCom component. Based on this, we
propose a model of gene expression regulation by MLLT3 isoforms competing for the same
protein binding partners. When the SEC and DotCom contain MLLT3-L, they bind chromatin and
carry out their respective transcription-promoting functions, while when they contain MLLT3-S,
they are sequestered from chromatin and inactive (Figure 3.3C). In this way, MLLT3-S can act as

the dominant negative isoform of MLLT3, countering MLLT3-L-driven gene expression.
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Figure 3.3
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A. ChIP-seq for MLLT3-L binding and H3K79me2 in cultured human FL HSCs with an
MLLT3-L overexpression or empty vector controls shows MLLT3-L binding in IGFBP2 gene
and corresponding increase in H3K79me2, demonstrating increased DotCom activity. B, C.
Diagrams showing known protein partners of MLLT3-L in the SEC (B) and DotCom (C)
identified by co-IP of K562 cells with MLLT3-S OE followed by mass spectrometry. D.
Proposed mechanism by which MLLT3-S acts as a dominant negative isoform to counteract

gene expression promoted by MLLT3-L
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Conclusions

We demonstrate that the distinct TSS and regulatory elements of the long and short MLLT3
isoforms allow them to be regulated separately during development. While MLLT3-L is induced
early during HSC specification in the arterial hemogenic endothelium, MLLT3-S is induced in
HSCs later during fetal development, at a time when developing HSCs are transitioning from an
immature, highly proliferative state to a mature, homeostatic state. However, MLLT3-S regulatory
elements become accessible already in pre-HE, HE and nascent HSCs in the AGM, preceding
MLLTS3-S expression, providing an opportunity for “epigenetic lineage tracing” to pinpoint the

precursors of HSCs based on the intend to activate MLLT3-S expression.

One example of the way by which MLLT3 isoforms modulate HSC developmental
regulation is through controlling IGFBP2 expression. IGFBP2 is a component of the insulin
growth factor signaling pathway, although it may also have other functions such as through
interactions with integrins’>’¢. IGFBP2 is highly expressed is rapidly proliferating tissues during
embryonic and fetal development, and declines during development, for example as HSCs undergo
developmental maturation®*. Exogenously added IGFBP2 has been shown to stimulate HSC

7273 "while endogenous IGFBP2 expression is known to facilitate the survival

culture expansion
of human leukemia cells in culture and in mouse models’#, but its role as a cell-autonomous factor
in normal hematopoiesis has been unclear. We demonstrate that IGFBP2 expression is upregulated
again in human FL and CB HSCs as they are placed in expansion culture, and required for efficient
HSPC culture expansion. While MLLT3-L binds to IGFBP2 TSS and its overexpression in culture
human HSCs further upregulates its expression, MLLT3-S downregulates it. During fetal
development, IGFBP2 downregulation in late embryonic period in human HSCs coincides with

the induction of MLLT3-S expression, suggesting that downregulation of IGFBP2 may be a key
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mechanism by which MLLT3-S contributes to fetal HSC maturation that is required for robust

bone marrow engraftment ability.

The importance of both isoforms is further underscored by our finding that they not only
modulate each other’s function likely by sharing the ANC-homology domain that enables protein
interactions, but they can also influence each other’s expression. MLLT3-L, the only isoform with
the chromatin binding YEATS domain, binds to both its own TSS and MLLT3-S TSS, helping to
maintain MLLT3-S expression and ensure the faithful function of human HSCs that are expanded
ex vivo with MLLT3-L overexpression. Furthermore, these MLLT3 isoforms also likely modulate
each other’s function through their shared ANC1 homology domain, which allows both isoforms
to interact with known MLLT3 protein partners in the SEC and DotlL complexes. By binding
with MLLT3-L protein partners but failing to bind chromatin and target the DotCom to genes
normally targeted by the MLLT3-L YEATS domain, MLLT3-S may act as a dominant negative

isoform of MLLT3, opposing the effects of MLLT3-L on HSC gene expression and behavior.
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Figure S3.1
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Figure S3.1. Multiome analysis of human HSC specification. Related to Figure 3.1

A. Single cell 10X Multiome analysis of 5 week human AGM cells. UMAP clustering and
selecting specific cell types using EHT markers documents progression from arterial pre-HE
and HE to HSCs. B. Single cell 10X Multiome analysis comparing human 5 week AGM and
liver, and 13 week liver tissues documents accessibility of MLLT3-S regulatory elements
already in nascent HSCs in 5 week AGM and liver, preceding MLLT3-S transcript. C. Single
cell 10X Multiome analysis comparing of HLF+ HSCs and GATA1+ erythroid cells in 13 week
liver documents accessibility of MLLT3-S TSS and cell type specific putative enhancer in
erythroid cells and HSCs in ATAC seq, and RNA peak corresponding to MLLT3-S 5’UTR in

both erythroid cells and HSCs.
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Figure S3.2
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Figure S3.2. Identification and validation of programs downstream of MLLT3 isoforms.

Related to Figure 3.2.

A. CHIP-seq and Bulk RNA-seq of MLLT3 binding and isoform expression in cultured FL
HSPCs documents MLLT3-L binding to both its own TSS and MLLT3-S TSS, and inducing
MLLT3-S expression. Representative examples of n=3. B. Top GO categories that are either
up- or downregulated following overexpression of MLLT3-S C. or MLLT3-L C. Flow
cytometry analysis of human HSPC marker expression in the progeny of CD34"CD38°CD90*
CB HSPCs transduced with empty vector control or vectors for MLLT3-L overexpression and
knockdown vectors targeting IGFBP2 isoforms on day 6, day 16, or day 21 of culture. D.
Quantification of HSPC expansion upon IGFBP2-KD and MLLT3 overexpression. (data from

n=2 independent experimental replicates, n=4 CB samples total).

Table S3.1 SEC and DotCom proteins bound by MLLT3 isoforms identified by co-

immunoprecipitation and mass spectrometry in K562 cells

MLLT3-L. MLLT3-S
AFF1 AFF1
AFF4 AFF4
MLLT10 |MLLT10
DOTI1L DOTI1L
ELL ELL
MLLT6
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Methods
Human hematopoietic tissue collection and processing

Human HSPC from cord blood, fetal liver and AGM and were used to assess the expression
and function of MLLT3 isoforms in human HSC. Cord blood (CB) units were obtained from full-
term pregnancies following informed consent and de-identified upon collection. Second trimester
(14-18 weeks) fetal livers (FL) and first trimester AGM and embryonic liver (5-8 weeks) were de-
identified, discarded material obtained from elective terminations of pregnancy following
informed consent. Specimen age is denoted as developmental age, two weeks less than gestational
age, as determined by ultrasound or estimated from the last menstrual period. Human
developmental tissues were mechanically dissociated using scalpels and syringes, digested in 2.5
U dispase (Thermofisher Scientific 17105-041), 90 mg collagenase A (Worthington LS004176)
and 0.075 mg DNase I (Sigma-Aldrich D4513) per ml in DPBS containing 10% FBS, for 20—
45 min at 37 °C. Cells were disaggregated by pipetting and filtered through a 70 pm cell strainer.
Single cell suspension from FL and CB were enriched for mononuclear cells by Lymphoprep
(Stem Cells Technologies, SCT) and centrifugation following manufacturer instructions. CD34"
cells were magnetically isolated from mononuclear cell fraction using anti-CD34 microbeads

(Miltenyi Biotech).
Ethical Statement

First trimester tissues were obtained from University of Tubingen and delivered to UCLA within
48 h after the procedure. The Ethics Committee at the Medical Faculty of the Eberhard Karls
University Tiibingen and at the University Hospital in Tiibingen approved the use of human

embryo tissues from elective terminations for hematopoietic stem cell research (#290/2016BO1).
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Second trimester fetal liver tissues were obtained from elective terminations performed at UCLA,
or at Family Planning Associates (FPA) and provided to the UCLA CFAR Cell and Gene Therapy
core for distribution to UCLA investigators. All human fetal tissue used were discarded material
from elective terminations that were obtained following informed consent. The donated human
fetal tissues were anonymized and did not carry any personal identifiers. In all cases, the decision
to terminate the pregnancy occurred before the decision to donate tissue. No payments were made
to donors and the donors knowingly and willingly consented to provide research materials without
restrictions for research and for use without identifiers. The UCLA IRB determined that the
provision of anonymized fetal material for research does not constitute human subjects research
per the US Federal regulations because the tissues are anonymized, e.g., provided without any
direct or indirect identifiers that could be linked back to a living individual. As a result,
investigators using such material are not engaged in research subject to IRB oversight. All donors
gave informed consent in compliance with US Public Health Service Act, Sections 498A and 498B
for the use of fetal material in research. All human tissue materials were treated as Biosafety level
2 and approved by UCLA Institutional Biosafety Committee (IBC) (BUA-2016-142-001, BUA-
2019-186-001). Studies using human iPSC were approved by The Royal Children’s Hospital

Human Research Ethics Committee (reference 33001A).

Serum free expansion medium (SFEM) culture for human HSPC expansion

To assess human HSPC function in serum-free, stroma-free culture conditions, HSPCs
were plated in StemSpan SFEM II (SCT) supplemented with human SCF (100 ng/ml), human
FLT3-L (100 ng/ml), human TPO (50 ng/ml), human low-density lipoprotein (10 pg/ml, SCT),

P/S/G, 500nM StemRegenerinl (SR1, SCT) and 35nM UM171 (SCT). Cells were cultured at 37°C
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and 5% CO; and re-plated or analyzed/sorted by flow cytometry for human HSPC markers every

7-14 days. Half of the HSC-medium was replaced every other day.
OPIM2 stroma co-culture for HSPC expansion

Human HSC co-culture on OP9M2 (subclone of OP94%) stroma was used to for
maintenance/expansion of immunophenotypic HSPC in some experiments. OP9IM2 cells were
irradiated (20 Gy) and pre-plated (50,000 cells/cm?) 24 hours before start of co-culture in OP9-
medium, which includes «o-MEM  (Invitrogen), 20% FBS (Omega), 1X
Penicillin/Streptomycin/Glutamine (P/S/G). Human HSPC were plated on stromal layer in OP9-
medium supplemented with human HSC cytokines SCF (25 ng/ml, Peprotech or Invitrogen),
FLT3-L (25 ng/ml, Peprotech) and TPO (25 ng/ml, Peprotech) (HSC-medium). Cells were co-
cultured at 37°C and 5% CO: and re-plated or analyzed/sorted by flow cytometry for HSPC
markers (CD34"CD38"°*CD90"GPIS0") every 7-14 days. Half of the HSC-medium was replaced
every 2-3 days. Where indicated, 500nM StemRegenerinl (SR1) and 35nM UM171 (SCT) were

added to the cultures to improve human HSPC expansion.
Flow cytometry and cell sorting

Flow cytometry analysis was performed using single cell suspensions from human
embryonic hematopoietic tissues, FL and CB, or obtained from NSBGW mice transplanted with

human hematopoietic cells.

For identification of human HSPCs, cells were stained with mouse anti-human monoclonal
antibodies against CD34-APC cl. 581 (555824; BD, 1:10) or -BV605 (343529; Biolegend, 1:25),
CD90-FITC cl. 5SE10 (555595; BD, 1:25) or -APC (555595; BD, 1:25) or -BV421 cl. 5E10

(562556, BD, 1:25), CD38-PE-Cy7 or -BUV496cl., HIT2 (560677 and 564657; BD, 1:100), GPI-
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80-PE cl. 3H9 (D087-5; MBL, used at 1:25), and rat anti-human monoclonal antibodies against
CD201-APC cl RCR-401 (351906, Biolegend, 1:20) Cells were assayed on a BD-LSRII or BD-
Fortessa flow cytometer and data were analyzed with FlowJo software (Tree Star Inc.). Cell sorting

was performed using a BD FACS Aria II.

To monitor human hematopoietic engraftment in vivo in NBSGW mice, BM cells were
stained with Rat anti-mouse-CD45-APC-H7 cl. 30-F11 (557659; BD, 1:100) and mouse anti-
human monoclonal antibodies against human-CD45-BV711. Hematopoietic differentiation was
assessed in vivo and in vitro using mouse anti-human monoclonal antibodies against human CD19-
PE or BV605 cl. 1D3 or HIB19 (12-0193, 12-0199; eBiosciences, 1:50), CD66b-BV421 cl. G10F5
(555724; BD, 1:50), CD14-V500 cl. WM53 (561816; BD, 1:100), CD3-PE-Cy7 cl. SK7 (557851,
BD) (eBiosciences, 1:50), CD4-APC (MHCDO0405; Invitrogen, 1:50), CDS8-PE cl. HIT8A
(555635; BD, 1:50), CD235a-PE or -APC (Glycophorin A, HIR2, BD 1:100), CD71-AF647
(DF1513, Santa Cruz 1:100), CD41a-APC cl. HIP8 (579777; BD, 1:20), CD42b-PEcy7 cl. HIP1
(303916; Biolegend, 1:100). Dead cells were excluded with 7-amino-actinomycin D (7AAD) (BD

Biosciences, used at 1:50).

RNA isolation, cDNA synthesis and quantitative reverse transcriptase PCR

RNA isolation was performed using the RNeasy Mini kit (Qiagen) with additional DNase
step using manufacturer’s protocol. cDNAs were prepared using High-Capacity cDNA Reverse
Transcription Kit (Thermo-Fisher), and qPCR for MLLT3 isoforms, GAPDH, IGFBP2, was
performed with the LightCycler 480 SYBR Green I Master Mix (Roche) or TagMan Gene

Expression Master Mix on the Lightcycler 480 (Roche). Primers are presented in Table S4.1.
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Production of lentiviral shRNA and overexpression vectors

shRNA experiments were performed with pLKO.1 lentiviral vectors from the TRC library
containing puromycin resistance gene. shRNA TRCNO0000005793 (#93, Sigma) and shRNA
TRCNO0000005792 (#92, Sigma) were selected for in vitro and in vivo experiments after testing for isoform
specific knockdown efficacy. shRNA3 and shRNA4 for MLLT3-S knockdown were designed using

InvivoGen siRNA/ShRNA Wizard (https://www.invivogen.com/sirna-wizard), custom ordered in the

pLKO.1 vector from Sigma-Aldrich, and selected for in vitro and in vivo experiments after testing for
knockdown efficacy against MLLT3-S. Previously validated shRNA for IGFBP2 knockdown

(TRCNO0000006575 and TRCN0000006575, Millipore Sigma) were used.

Human MLLT3 was cloned from human FL-HSPC full-length cDNA into the constitutive FUGW
(Addgene plasmid # 14883, from David Baltimore) lentiviral vector, where its expression is controlled by
the UBC promoter. MLLT3 cDNA with a C-terminal V5-tag was inserted downstream and in frame with
the eGFP sequence with the synthetic addition a P2A sequence between the 2 ORFs, through two rounds
of PCR using PfuUltra II Ultra Fusion HS (Agilent). The MLLT3-S ORF was cloned in the FUGW vector

using the same strategy. For the FUGW-GFP-P2A-MLLT3-L-V5 vector, eGFP was swapped for

mApple using the InFusion cloning kit (Takara)

Human MLLT3-L and MLLT3-S were cloned from human FL-HSPC full-length cDNA
into the constitutive pLVX-EF1a-IRES-mCherry (631987, Takara Bio) and pLVX-EF1a-IRES-
ZsGreenl (631982, Takara Bio) lentiviral vectors, where their expression is controlled by the EFla
promoter. Amplified MLLT3-S with a C-terminal V5 tag and MLLT3-L with a C-terminal FLAG

tag was inserted into the multiple cloning site upstream of the IRES and mCherry/ZsGreen.

A summary of the plasmids included in this paper and their usage can be found in TableS4.2
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For lentiviral vector production, 20 million 293T cells were co-transfected with deltaR8.2
packaging plasmid, VSVG-envelope plasmid, the lentiviral vector plasmid of choice and Turbo
DNAfectin 3000 (Lamda), following manufacturer’s instructions, in DMEM supplemented with
10% FBS. After incubation for 48 hours supernatant was filtered and concentrated by
ultracentrifugation, and pelleted viruses were resuspended in SFEM and stored at -80°C.
Alternatively, viral supernatants were produced by the UCLA Center for Systems Biomedicine

Vector Core.
Lentiviral transduction

Sorted FL and CB HSPC were prestimulated 24 h in StemSpan SFEM II supplemented
with SCF, FLT3-L, TPO, human LDL (SCT), and Antibiotic-Antimycotic (LT). Wells were pre-
coated with 50 ug/mL RetroNectin (Takara) and lentivirus was added. After centrifugation at
2000g for 2 hours at 32°C, wells were washed with PBS containing 5% BSA, and HSPCs in 100ul
StemSpan II SFEM supplemented with Lentiboost (SB-P-LV-101-10, Mayflower Bioscience,
1:100) were seeded and centrifuged at 800g for 1.5 hours. After 24 hours from cell seeding,
transduced cells were washed and seeded in the indicated conditions for each assay. For shRNA-
lentiviral vectors, puromycin (1.0 pg/ml) treatment was used for selection of transduced HSPC
and maintained throughout culture. Cells infected with overexpression vectors were selected by

cell sorting for fluorescent protein expression.
5’RACE for identification of MLLT3-S variants

5’RACE was performed using the SMARTer™ RACE 5°/3’ Kit (634860, Takara Bio) according
to the manufacturer’s instructions. Briefly, a primer specific to Exon 7 of MLLT3 was designed

and used for amplification of 5’RACE-ready cDNA from CB CD34+ CD38°CD90+ sorted cells.
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The products were gel-purified and cloned into TOPO-TA vector using the TOPO-TA Cloning Kit

(K4575J10, Invitrogen), and sequenced using the M13R primer (Laragen).

Hematopoietic Colony assays

Cultured cells were transduced with lentiviral knockdown vectors and selected via culture in
StemSpan SFEM II supplemented with puromycin (1.0 pg/ml) for three days. At day 6, transduced
cell numbers were quantified using flow cytometry, and 500 CD34+ cells from each condition
plated in duplicate in 1.1mL of methylcellulose MethoCult H4434 Classic media. Colonies were
manually counted under 5X magnification (Zeiss Axiovert 40 CFL light microscope) and scored
as erythroid, myeloid, or mixed colonies on day 13 and day 15, and cells were harvested for final

FACS analysis (BD LSRFortessa flow cytometer and FlowJo software) on day 17.

Culture of Human Hematopoietic Cell Lines

Human K562 cells were cultured in IMDM (Invitrogen) supplemented with P/S and 10% FBS.

Human KG1 cells were cultured in RPMI 1640 (Invitrogen) supplemented with P/S and 10% FBS.

Subcellular Fractionation

Subcellular fractionation was carried out using Subcellular Protein Fractionation Kit for Cultured
Cells (Thermo Scientific) in accordance with manufacturer instructions. After measuring protein
concentration, the same amount of protein from each sample/fraction was used for protein

quantification by Western blot.
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Western Blot

Cultured cells were pelleted and washed twice with ice cold PBS, then lysed in RIPA Buffer
(Invitrogen) with 1x Halt Protease Inhibitor Cocktail (Thermo Scientific). Protein was quantified
by Pierce BCA assay (Thermo Scientific). Protein extracts were loaded on SDS-polyacrylamide
(SDS-PAGE) gel and blotted to a polyvinylidene fluoride (PVDF) membrane. PVDF membrane
was incubated at 4°C overnight with the following antibodies: rabbit anti-human MLLT3 (only
binds MLLT3-L) (ab154492, Abcam, 1:1000), mouse anti-V5-tag cl. SV5-Pkl (R960-25,
Invitrogen, 1:500), rabbit anti-Actin cl. EPR16769 ab179467 (ab179467, Abcam, 1:5000), rabbit
anti-LaminB1 cl. PR8985B ab133741 (ab133741, Abcam, 1:5000), and rabbit anti-H3 cl. D1H2
#4499 (4499T, Cell Signalling Technology, 1:5000). Secondary staining was performed for 1hr at
RT using either Amersham ECL Rabbit IgG HRP-linked whole Ab (NA934-1ML, Cytiva Life
Sciences, 1:2500) or Amersham ECL Mouse IgG HRP-linked whole Ab (NA931-1ML, Cytiva
Life Sciences, 1:2500). Blots were imaged using West Pico PLUS Chemiluminescent Substrate

(Thermo Scientific) using the BioRad Chemidoc.
Transplantation assays in NBSGW mice

In vivo reconstitution ability of MLLT3 isoform KD HSPC was assessed in
immunodeficient mice. Female NOD.Cg-KitW-41J Tyr + Prkdcscid I12rgtm1Wjl/ThomJ
(NBSGW, Jackson Laboratories) mice, 8-12 weeks old, were retro-orbitally injected with CB-

derived cells in a volume of 100 pL of RPMIL

For MLLT3 shRNA knockdown experiments, 30,000 CB CD34* CD38°CD90+ cells were
infected with MLLT3 isoform specific sShRNA or control lentiviral vectors and cultured on HSC

media for 2 days under puromycin selection. Prior to transplantation, a sample of the cells was
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analyzed and counted by flow cytometry to ensure mice in all conditions received the same number
of CD34+ cells. At 10 and/or 18 weeks, MLLT3 isoform KD mice were analyzed by performing
BM biopsy. After 24 weeks, mouse blood was collected, and mice were sacrificed to harvest bone
marrow and spleen. Collected cells were analyzed by flow cytometry to evaluate human

engraftment (presence of human CD45 cells without mouse CD45).

Differentiation of hCD45 cells into myelo-lymphoid and erythroid-megakaryocytic lineages was
evaluated through detection of myeloid (CD14 or CD66b), erythroid (CD71, GlycophorinA),
megakaryocytic (CD41a) B-lymphoid (CD19) and T-lymphoid (CD3, CD4 and CD8) markers on
human CD45" cells. Preservation of the HSPC compartment (CD34"CD38°CD90) was also
recorded. All transplanted mice were included in the analysis unless they died before the
experimental endpoint (in total 3 mice died before 24 weeks, one each from control, MLLT3-S
KD [sh3], and MLLT3-S KD [sh4] conditions). All studies and procedures involving mice were
conducted in compliance with all the relevant ethical regulations and were approved by the UCLA

Animal Research Committee (Protocol 2005-109).
ChIP-sequencing analysis

Sorted FL HSPC (CD34+CD38°CD90+) (50000-100000 per IP) were crosslinked in 1%
formaldehyde for 10 minutes, quenched with glycine 0.0125M and snap-frozen as a dry pellet. The
pellet was re-suspended in lysis buffer (50mM Tris 8.2, 10mM EDTA, 1% Triton X 100, 0.1%
NaDeoxycholate, 0.5% Sarkosyl) and sonicated 12 min at a 5% intensity using Misonix cup-horn
sonicator. Chromatin was incubated overnight with 2 pg of antibody (anti-MLLT3, Genetex,
GTX102835; anti-V5, Abcam, ab15828; H3K4me3, Abcam ab8580; H3K9ac, CST #9649;
H3K27ac, AM #39133; H3K4mel, AM #39297) preloaded onto 20 pl of Protein G Dynabeads

(Thermo Fisher) and washed twice with each of the solutions (low salt wash, high salt wash, LiCl
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wash and TE) as previously described’’. CB HSPC sorted after 2 weeks culture with or without

MLLT3-OE were used to assess MLLT3 binding in CB HSPCs.

Libraries were prepared with the Nugen Ovation Ultralow kit v2 following manufacturer
instructions and sequenced using HiSeq-4000 (Illumina) to obtain single end 50 bp long reads.
Demultiplexing of the reads based on the barcoding was performed using in house Unix shell
script. Mapping to the human genome (hgl9) was performed using bowtie2. Samtools v1.3.1
package was uses to create a bam file, remove duplicates, blacklisted region and ChrM regions,
sort and index. Deeptols BamCoverage was used to generate Bigwig files, for track visualization
on the UCSC genome browser. MACS2 v2.1.17® was used to call MLLT3 peaks using default

parameters for broadPeak calling.
ATAC-sequencing analysis

FL-HSPC (CD34+CD38!°/-CD90+GPI80+), their downstream progeny (CD34+CD38!/-
CD90+GPI80- and CD34+CD38!°/-CD90-GPI80-), were processed according to the protocol”,
with minor adjustments. Nuclei were purified by the addition of 250 ul of cold lysis buffer (10 mM
Tris-HCI, pH 7.4, 10 mM NaCl, 3 mM MgCI2, 0.1% IGEPAL CA-630) to sorted cells, pelleted
and resuspended in the transposition reaction mix (Nextera DNA Library Prep Kit, Illumina) and
incubated at 37°C for 30 minutes. Transposed DNA was column purified and used for library
amplification with custom made adaptor primers’® using NEBNext High-Fidelity 2x PCR Master
Mix (New England Labs). The amplification was interrupted after 5 cycles and a SyBR green
qPCR was performed with 1/10 of the sample to estimate for each sample the additional number
of cycles to perform before saturation was achieved. Total amplification was between 10 and 15
cycles. Purified libraries were sequenced using HiSeq-2000 (Illumina) to obtain paired end 50 bp

long reads. Read mapping to the genome (hg19) was using Bowtie2 or v2.2.9% with parameters -
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-local -X 2000 -N 1 --no-mixed. Bamcoverage tool from Deeptools was used to create the coverage
bw files for visualization®!. Samtools v1.3.1 was used to remove duplicates and reads aligned to

chrM.
Single cell RNA-sequencing

The effects of MLLT3 isoform knockdown were evaluated at single cell level using 10x Genomics
single cell RNA sequencing. For the generation of single-cell gel beads in emulsion, cells were
loaded on a Chromium single cell instrument (10x Genomics) with an average estimated targeted
cell recovery of ~6,000 cells. Single-cell suspensions of cells in 0.4% BSA-PBS were added to
each channel on the 10X chip. Cells were partitioned with Gel Beads into emulsion in the
Chromium instrument where cell lysis and barcoded reverse transcription of RNA occurred
following amplification. Single-cell RNA-seq libraries were prepared by using the Chromium
single cell 3’ library and gel bead kit v3 (10X Genomics). Sequencing was performed on Illumina

NovaSeq 6000.

Single-cell data analysis

After sequencing, fastq files were generated using cellranger mkfastq (version 2.1.1). The raw
reads were mapped to human reference genome (refdata-cellranger-GRCh38-1.2.0) using
cellranger count. Digital expression matrix was extracted from the “filtered gene bc matrices”
folder output by the cellranger count pipeline. To identify different cell types and find signature
genes for each cell type, the R package Seurat (version 3.1.2) was used to analyze the digital
expression matrix. Cells with less than 500 unique molecular identifiers (UMIs) or greater than
5% mitochondrial expression were removed from further analysis. The Seurat function

NormalizeData was used to normalize the raw counts. Variable genes were identified using the
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FindVariableGenes function. The ScaleData function was used to scale and center expression
values in the dataset, the number of unique molecular identifiers (UMI) was regressed against each
gene. Principal component analysis (PCA), t-distributed stochastic neighbor embedding (tSNE),
and uniform manifold approximation and projection (UMAP) were used to reduce the dimensions
of the data, and the first 2 dimensions were used in the plots. The FindClusters function was used
to cluster the cells. Marker genes were found using the FindAllMarkers function for each cluster,
which employs the Wilcoxon Rank Sum Test to determine the significance and the Benjamini-
Hochberg Procedure to correct for multiple comparisons. Cell types were annotated based on the
marker genes and their match to canonical markers. For differential expression analyses between

cell selections, the FindMarkers function was used.

Gene ontology analysis (using Enrichr®?) was applied to the positively or negatively correlated
gene set to identify enriched pathways. The DotPlot function was used to illustrate the expression
pattern of chosen genes in selected cells. Using dot plots, module scores or scorecards were created

to highlight specific developmental processes regulated by MLLT3 isoforms.
Bulk RNA-sequencing analysis

Total RNA from 50000 sorted HSPC cultured with MLLT3 isoform OE was extracted
using the RNeasy Mini kit (Qiagen) and library was constructed using KAPA RNA HyperPrep Kit
with RiboErase (HMR). Libraries were sequenced using HiSeq-4000 (Illumina) to obtain paired
end 50 bp long reads. Mapping to the human genome (hg19) was performed using TopHat v2.0.9
or v2.0.14% with the parameters --no-coverage-search -M -T -x 1. Coverage files were created
with the Genomecov tool from Bedtools®* with the parameters -bg -split -ibam. For abundance
estimations (FPKMs) the aligned read files were further processed with HOMER coupled to edgeR

on the hgl9 annotation. Gene ontology of differentially expressed genes was calculated using
89



ENRICHR. Gene expression changes were considered significantly up- and down-regulated when
adjusted p-value < 0.05 and -logFC > 0.322. Heatmaps were generated using Morpheus (Broad
institute) using a color scale normalized by the minimum (MIN) and maximum (MAX) value for

each gene.

Multiome

Sorted hematopoietic tissues from 5 week human embryo and 13 week second trimester fetal liver
were processed using the Chromium Nuclei Isolation kit and processed using the Chromium Next
GEM Single Cell Multiome ATAC + Gene Expression kit in accordance with manufacturer’s
protocol. Comparison of gene expression among Multiome data was carried out using ArchR and
Seurat. Principal component analysis (PCA), t-distributed stochastic neighbor embedding (tSNE),
and uniform manifold approximation and projection (UMAP) were used to reduce the dimensions
of the data, and the first 2 dimensions were used in the plots. The FindClusters function was used
to cluster the cells. Marker genes were found using the FindAllMarkers function for each cluster,
which employs the Wilcoxon Rank Sum Test to determine the significance and the Benjamini-
Hochberg Procedure to correct for multiple comparisons. Cell types were annotated based on the
marker genes and their match to canonical markers. For differential expression analyses between
clusters or cell selections, the FindMarkers function was used. scATAC-seq data was plotted using
ArchR, Seurat and Loupe browser, while scRNA-seq data was plotted using the Loupe browser

and Seurat.

Co-Immunoprecipitation

Cultured K562 cells were pelleted and washed twice with ice cold PBS, then lysed in RIPA Buffer

(Invitrogen) with 1x Halt Protease Inhibitor Cocktail (Thermo Scientific). Protein was quantified
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by Pierce BCA assay (Thermo Scientific), and 2ug of protein from each sample was combined
with Dynabeads (Invitrogen) and either rabbit anti-human MLLT3 (only binds MLLT3-L)
(ab154492, Abcam, 1:1000) or mouse anti-V5-tag cl. SV5-Pkl (R960-25, Invitrogen, 1:500)
antibody in with added 150 mM NaCl, 1.0% IGEPAL® CA-630, 0.5% sodium deoxycholate, 0.1%
SDS, 1x Halt Protease Inhibitor Cocktail (Thermo Scientific), 1U Benzonase nuclease (EMD
millipore) /ul Buffer, and ImM MgCI2. and incubated overnight with gentle agitation at 4C. Beads
were washed 2X with 50 mM Tris, pH 8.0 buffer containing 150mM NaCL and protein was eluted

into wash buffer by heating to 90C for 10min.
Statistics and Reproducibility

Graphs were generated and statistical significance was calculated with GraphPad PRISM software.
Statistical significance was assessed using 2-sided Student’s #-test, unless otherwise stated. The
null hypothesis of the medians/means being equal was rejected at o = 0.05 and significant p-values

are shown in each graph.
Data availability

Sequence data that support the findings of this study have been deposited in GEO with the

accession codes GSE250349 and GSE23347. Data from published referencé® are available in the

GEO superseries GSE111484. There is no restriction in data availability.

Code availability

Custom codes, R objects and metadata of these R objects are available on GitHub page

(https://github.com/mikkolalab).
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Conclusions:

How long-term repopulating HSCs manage to balance fate decisions to respond to the body’s
varying needs throughout life without exhausting the stem cell pool has remained a major
unresolved question in HSC biology. The inability to regulate HSC fate in culture leads to
premature differentiation or death, or expansion of immunophenotypic HSCs that lack the ability
to function in vivo, which has compromised our ability to expand and manipulate human HSCs ex
vivo for broader therapeutic applications. Similarly, our poor understanding of the processes that
effect HSC specification and maturation has proved a barrier to developing processes for
generation of mature, fully functional HSCs from PSCs that are sufficiently reliable and scalable
for clinical use. Overcoming these limitations is critical for expanding the number of patients that
can be treated for blood cancers or inherited disorders. Building on previous work identifying
MLLTS3 as a crucial factor for HSC expansion and maturation, this thesis sought to define how a
novel, truncated MLLT3 isoform cooperates with full-length MLLT3 to regulate HSC maturation

and fate decisions.

In this work, we demonstrate that:

1. Human HSCs express both the full length MLLT3 and a truncated MLLT3 isoform that
lacks chromatin binding ability but is able to bind MLLT3 protein partners in the SEC and
DotCom.

2. Long and short MLLT3 isoforms control human HSC behavior and stemness programs in
opposite directions, but are both required for bone marrow repopulation ability

3. Opening of MLLT3-S TSS and enhancer during HSC emergence precede MLLT3-S

induction during HSC maturation in the liver
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4. MLLT3 isoforms differentially regulate IGFBP2, which supports HSPC proliferation in

nascent HSCs and during ex vivo culture

Chapter 2

In this section, we show that HSCs also express a truncated isoform of MLLT3 that retains
the Ancl homology domain and the ability to bind MLLT3 protein partners, but is missing the
YEATS domain of full length MLLT3 and is unable to bind chromatin. The differences in their
protein structures allow MLLT3-S to act as a dominant negative isoform of MLLT3-L, and play
an opposing but complementary role in HSC behavior and gene expression. Rescue of decreased
MLLT3-L expression in culture leads to the expansion of transplantable HSCs!, while rescue of
MLLTS3-S expression suppresses HSC expansion. Furthermore, the two isoforms have opposing
effects on the expression of key HSC programs, such as protein synthesis, splicing, and
metabolism, which are themselves known regulators of HSC fate decisions®!2. Despite their
differing roles in HSC fate decisions, MLLT3-L and MLLT3-S are both required for full HSC
function, as shown by dramatically decreased HSC engraftment following knockdown of either of
the two isoforms. Expression of both MLLT3-S and MLLT3-L gives HSCs more precise and
dynamic control over MLLT3-mediated gene expression, allowing them to rapidly respond to
changing physiological requirements. This capacity to balance between different fate decisions is

what allows HSCs to engraft upon transplantation and maintain long-term hematopoiesis.

Our findings show that MLLT3 isoforms can regulate diverse sets of genes depending on
the context and developmental state. As such, MLLT3 should not be viewed simply as a
transcription factor or component of a pathway with a narrow set of targets, but rather as a

“stemness operating system” where the different isoforms enable fine-tuned control to HSC fate
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decisions and stage-related programs, and at least to some degree in reversible fashion. MLLT3 is
not the only gene for which a dominant negative truncated isoform has been shown to play a role
in hematopoiesis. However, many of the other examples of functionally distinct isoforms, such as
in IKAROS, CD44, and BPRF1, are regulated at the level of alternative splicing, not through an

alternative TSS !3-16

, which offers a different kind of molecular control to how distinct isoforms
can be regulated. Other examples of key regulators in which two isoforms are expressed from
separate TSSs and have differing roles during development, hematopoietic differentiation, and
leukemic cell survival, is LEF1, a key target gene within the WNT signaling pathway, !7, and
RUNXI1, where developmentally regulated isoforms from two different promoters are also
involved in trisomy 21 associated leukemia pathogenesis. However, despite their diverse roles in
hematopoiesis, neither RUNX1 nor LEF1 are enriched specifically in HSCs or critically required
to sustain HSC self-renewal and repopulation ability, whereas both the long and short MLLT3
isoforms are required for human HSC in vivo function. While HSCs that lose MLLT3-L rapidly
lose HSC identity and begin to differentiate, the function of MLLT3-S is more nuanced in
balancing HSCs stemness programs required for BM engraftment and HSC transition to
homeostatic state required for life-long hematopoiesis. While many of the known MLLT3
interaction partners (AFF1, AFF4, DOT1L, MLLT10) are expressed more broadly in different cell
types, the expression of MLLT3 isoforms is much more restricted, in particular that of MLLT3-S,
further demonstrating their unique role in HSCs. Thus, MLLT3 isoforms serve also as important
“quality control” markers when assessing preservation of stemness programs that are required for
functionality in cultured HSCs. Alongside the above-mentioned examples, the identification of a
dominant negative isoform of MLLT3 that is essential for regulating different flavors of HSC

stemness, shows that it is important to adjust our analysis of stem cell gene expression to the level

of isoforms, not just individual genes.
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Chapter 3

In this section, we show that expression of the two MLLT3-S isoform is sequentially
induced during human development. Although MLLT3-L is already expressed during the EHT in
the hemogenic endothelium and emerging HSPCs in human 5 week AGM, MLLT3-S expression
is induced after HSPC emergence and may be part of the HSC maturation process. However,
MLLTS3-S regulatory elements (TSS and HSC-specific enhancer) are accessible prior to its
induction, through the EHT and HSC emergence in the AGM, and are inaccessible in venous
endothelium and non-HSC hematopoietic cells. Thus, MLLT3-S TSS and HSC-specific enhancer
accessibility can be viewed as an early indicator of specification of the definitive HSC lineage,

even in the absence of MLLT3-S expression.

The expression of MLLT3-L in cell types that do not express MLLT3-S suggests that the
two isoforms are regulated independently, at least to some extent. Further evidence for this can be
found in our examination of MLLT3-L binding in cultured FL. HSPCs following MLLT3-L OE.
This data reveals that MLLT3-L binds to the TSS of MLLT3-S, partially sustaining its expression
when it would normally decline. If MLLT3-S expression was solely dependent on the expression
of MLLT3-L, one would expect both isoforms to be expressed at the same stages of HSC
specification. However, the lag between the expression of MLLT3-L during EHT and the induction
of MLLT3-S later in HSC maturation, despite the accessibility of MLLT3-S regulatory elements
in hemogenic endothelium, strongly suggests that the developmental regulation of MLLT3-S
expression is dependent upon additional, as of yet unidentified, factors. These may be revealed by
future investigation and comparison of transcription factor binding motifs in the MLLT3-L TSS,
the MLLT3-S TSS, and the MLLT3-S HSC-specific enhancer. Another potential point of
comparison could be a distal MLLT3-S regulatory element that becomes accessible in erythroid
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cells, which have an accessible MLLT3-S TSS and MLLT3-S expression, but in which the HSC-
specific MLLT3-S enhancer is inaccessible. Understanding the factors and signaling governing
MLLT3-S induction could be key for manipulating its expression during ex vivo HSC culture or

de novo generation of PSC-derived HSCs without reliance on lentiviral overexpression vectors.

Our work also provides evidence that not only is MLLT3-S expression developmentally
regulated, but MLLT3-S itself may also directly facilitate HSC maturation. Increased MLLT3-S
expression in fetal liver HSCs closely corresponds to the downregulation of IGFBP2, an onco-
fetal gene expressed in highly-proliferative fetal tissues and certain cancers. Decrease of IGFBP2
expression marks the broader transition from a highly-proliferative fetal state to a more mature,
homeostatic one. IGFBP2 expression is re-activated in cultured HSCs, and we demonstrate that
this renewed expression of IGFBP2 is required for HSPC ex vivo expansion, as well as for MLLT3-
L-mediated expansion. Importantly, IGFBP2 is a direct MLLT3-L target whose expression is
regulated in opposing directions by MLLT3 isoforms in culture; its expression is increased by
MLLT3-L OE and decreased by MLLT3-S OE. This suggests that MLLT3-S upregulation may be
a critical determinant of IGFBP2 downregulation in the fetal liver during development, and that
MLLT3-S thus contributes to the establishment of homeostatic mechanisms in maturing HSCs. If
so, future work may find that achieving stable expression of MLLT3-S in PSC-derived HSCs at
the right moment in their differentiation may facilitate their maturation to the fetal liver stage,

which has previously been unsuccessful.
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Limited knowledge of the mechanisms that govern the self-renewal of human
haematopoietic stem cells (HSCs), and why this fails in culture, have impeded the
expansion of HSCs for transplantation'. Here we identify MLLT3 (also known as AF9)
asacrucial regulator of HSCs that is highly enriched in human fetal, neonatal and
adult HSCs, but downregulated in culture. Depletion of MLLT3 prevented the
maintenance of transplantable human haematopoietic stem or progenitor cells
(HSPCs) in culture, whereas stabilizing MLLT3 expression in culture enabled more
than12-fold expansion of transplantable HSCs that provided balanced multilineage
reconstitution in primary and secondary mouse recipients. Similar to endogenous
MLLT3, overexpressed MLLT3 localized to active promoters in HSPCs, sustained levels
of H3K79me2 and protected the HSC transcriptional program in culture. MLLT3 thus
acts as HSC maintenance factor thatlinks histone reader and modifying activities to

modulate HSC gene expression, and may provide a promising approach to expand
HSCs for transplantation.

HSCs can self-renew throughout their lifetime while replenishing all
blood lineages, making HSC transplantation a life-saving treatment
for many blood diseases. However, a lack of HLA-matched bone mar-
row donors and a low yield of HSCs in cord blood limit the number
of patients that can be treated’. A better understanding of HSC self-
renewal is required to expand human HSCs in culture or to generate
them from pluripotent stem cells.

HSCs develop during embryogenesis from haemogenic endothe-
liumin large arteries and expand in the fetal liver before colonizing the
bone marrow’. Although many factors that drive the specification of
haemogenic endothelium and HSCs havebeenidentified, weknow less
about those that maintain HSC self-renewal. Here we identify MLLT3 as
acrucial regulator of humanHSC maintenance, and show that restoring
MLLT3 levels in cultured human HSCs protects stemness and enables
the ex vivo expansion of transplantable HSCs.

MLLT3 is enriched and required in human HSCs

To define the molecular machinery that governs human HSC self-
renewal and determine why it fails in culture, we compared the tran-
scriptomes of highly selfrenewing HSPCs from human fetal liver to
their immediate progeny’ and to dysfunctional, cultured HSPCs,
derived from fetal liver orembryonic stem cells*, From the 12 nuclear
regulators correlating with self-renewal, MLLT3 was selected for fur-
ther study (Fig. 1a, Extended Data Fig. 1a, b). MLLT3is a component
ofthe superelongation complex® and co-operates with DOTIL, which
di/trimethylates H3K79 to promote transcription™ . MLLT3 localizes

toactive transcription start sites (T55s) through the YEATS domain,
which recognizes active histone marks such as H3IK® acetylation and
crotonylation®, A truncated MLLT3 that lacks the YEATS domain
forms aleukaemic fusion protein with the N terminus of MLL1, which
misdirects MLLT 3-interacting complexes to induce aberrant gene
transcription™*, MLLT3 also regulates erythroid or megakaryocytic
progenitors” and was identified as a definitive HSC hub gene during
mouse development'®.

MLLT3 expression was enriched in undifferentiated human HSPCs
in fetal liver, cord blood and bone marrow (Extended Data Fig. 1c).
RNA-sequencing (RNA-seq) analysis of developmental haematopoietic
tissues showed that MLLT3 was upregulated in fetal liver” (Extended
Data Fig. 1d), whereas genes specific to the development of haemo-
genic endotheliumand HSCs such as TALI (also knownas SCL), RUNXT,
SOXI7 and HOXA genes were already highly expressed in Sweek aorta-
gonad-mesonephros, which suggests that MLLT3 is involved in HSC
maturation and maintenance.

To determine whether human HSCs require MLLT3, two validated
MLLT3short hairpin RNAs (shRNAs) (Extended Data Fig. 1e, ) were tested
inanHSPC expansion culture system using the OP9M2 stromal stem-cell
line*. Both of the shRMAs resulted in premature depletion of fetal liver
HSPCs (FL-HSPCs) in vitro (Fig. 1b, ¢, Extended Data Fig. 1g-j). When FL-
HSPCs transduced with MLLT 3-knockdown (KD} or control vector were
transplanted into immunodeficient NSG (NOD-SCID/ 2rg-null) mice, only
the control cells showed multilineage (myelo/lymphoid) human haemat:
opoietic reconstitution (Fig. 1d, e, Extended Data Fig. 1k, Supplementary
Table 1), which indicatesanimportant regulatory function for MLLT3.
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Fig.1/MLLT3 regulates human HSPC expansion. a, Venn diagram of
microarray geneexpression data, identifying genes enriched inself-renewing
human FL-HSPCs. Number of genes downregulated after differentiation (pink)
offetal liver CD34°CD38*CO90 " GPIR0" HSCs 1o CD34"CD38™“CO90 GPIS0"
progenitors”; number of genes downregulated in FL-HSPCs during 5-week
culture on OPYM2 stroma (green)*: and number of genes suppressed inhuman
embryonicstem (ES)-cell-derived HSPCs (purple) are shown. b, FACS analysis
30 days after transduction of CD34'CD38 "CDY90° HSPCs with MLLT3shRNA
(MLLT3-KD) or empty vector control (CTR) (representative of three plots). ¢,
Quandfication of cells asinbafter 5,15 and 30 days in culture {(n=3).d, FACS
analysisofbone marrow from NSGmice 12 weeks after transplantation of FL-
HSPCs transduced with MLLT3-KD or empty vector control (representative of
10 mice). e, Quantification of human (h) CD45" cells in bone marrow (BM) from

Sustaining MLLT3 levels improves HSPC culture

As studies had shown expansion of multipotent human HSPCs on
OP9M2 stroma without measurable expansion of transplantable
HS5Cs*, we asked whether maintaining MLLT3 expression in cultured
HSPCs improves their function. Restoring physiological MLLT3 levels
using an overexpression lentiviral vector (MLLT3-OE) significantly
enhanced the expansion of CD34°'CD38CD90" FL-HSPCs on OP9M2
stroma (78-fold greater than controls at 6 weeks) (Fig. 1f, g, Extended
Data Fig. 2a, b). Targeting MLLT3-0OE in the most undifferentiated
CD34'CD387°CDY0°GPIS0" FL-HSPCs' recapitulated the expansion
phenotype, whereas MLLT3-OF in CD34 CD387°CD90 GPIS0 pro-
genitors did not confer the HSC immunophenotype or expand them
(Extended DataFig. 2c-e). Withdrawing OP9M2 stroma depleted undif-
ferentiated MLLT3-OE HSPCs, demonstrating a dependence ona HSC-
supportive microenvironment (Extended Data Fig. 2f-h). MLLT3-OE
also enhanced FL-HSPC expansion when cultured in clinically suitable
conditions using serum-free expansion medium {SFEM) and the small
molecules SR1™ and UM171", or on OP9M2 stroma with both SR1 and
UMI171(Extended DataFig. 2i,j), showing the beneficial effects on HSPC
expansion on all HSC-supportive conditions tested.

BrdU incorporation assays did not show enhanced proliferation
of MLLT3-0E HSPCs in culture (Extended Data Fig. 3a, b). Staining of
annexinV and 7-aminoactinomycin D {(TAAD) showed greater viability
of MLLT3-0OE FL-HSPCs than empty-vector-transduced FL-HSPCs, but
reduced cell viability compared with uncultured FL-HSPCs (Extended
Data Fig. 3c). Differentdation of MLLT3-OEHSPCs after a 4-week expan-
sion showed comparable monocytic, granulocytic, erythroid, mega-
karyocytic, Tand Blymphoid differentiation potential to non-expanded
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FL-HSPCs (Extended Data Fig. 3d, e). Hence, sustaining MLLT3 expres-
sion in cultured HSPCs maintains their identity and viability without
causing excessive proliferation or resistance to apoptosis, or blocking
differentiation.

MLLT3 enhances transplantation of cultured HSPCs
Toassesswhether maintaining MLLT3 levelsincultured HSPCs improves
the reconstitution potential in NSG mice, CD34 'GFP fetal liver cells
sorted at day 5and transduced with MLLT3-OE or control vector were
expanded in SFEM containing SR1and UM171 and transplanted onday 15
(Extended Data Fig. 4a). Mice transplanted with MLLT3-OE cells showed
more frequent long-term (24 week) human multilineage engraftment
inthe bone marrow, and higher levels of engraftment than mice trans-
planted with control HSPCs (Fig. 1h, i, Extended Data Fig. 4b, Supple-
mentary Table 2a). Most mice transplanted with MLLT3-0E cells, but
notwith control cells, also contained human HSPCsin the bone marrow
and generated myeloid and lymphoid cellsin the peripheral blood and
spleen (Fig. 1j, Extended Data Fig. 4c-e). Increased haematopoietic
reconstitution with MLLT3-OE HSPCs was not explained by altered
proliferation of MLLT3-OE HSPCs or differentiated cells in recipient
mice or in culture before transplantation (Extended Data Fig. 4f-j).
To ascertain the role of extended culture in MLLT3-mediated
enhanced in vivo reconstitution, the engraftment levels were com-
pared between CD34 GFP” cells sorted 5 days after transduction and
their progeny sorted at 15 days. Culture with MLLT3-0E, but not control
vector, significantly increased total human haematopoietic reconstitu-
tion and HSPC reconstitution (Extended Data Fig. 4k-m). When bone
marrow from primary mice was transplanted into secondary mouse
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recipients, only MLLT3-OE cells showed multilineage reconstitution
after 18 weeks (Extended Data Fig. 4n, o). These data indicate that
maintaining MLLT3 expression in FL-HSPCs during culture enhances
human multilineage haematopoietic reconstitution in primary and
secondary recipients.

MLLT3 binds to TSSs of active genes in human HSPCs

To understand how MLLT3 regulates human HSC stemness, we
assessed the MLLT3 chromatin-binding pattern in FL-HSPCs. Chro-
matin immunoprecipitation followed by high-throughput sequenc-
ing (ChIP-seq) showed MLLT3 binding at 1,579 sites, with strongest
enrichment around TSSsand within 5kb downstream (Fig. 2a). MLLT3
peaks associated with 889 genes, 96.4% of which were expressed in
FL-HSPCs, with reads per kilobase of transcript per million mapped
reads (RPKM) values greater than one (Supplementary Table 3). The
k-means clustering analysis showed co-localization of MLLT3 peaks
with marks of active TSSs {assay for transposase-accessible chroma-
tinusing sequencing (ATAC-seq) peaks, H3K4me3, H3K%ac, H3K%cr,
H3K27ac and RNA polymerase (Pol) Il) (Extended Data Fig. 5a). The
gene body histone mark H3K79me2 partially overlapped with MLLT3,
whereas H3K36me3 was not enriched. There was minimal overlap with
the enhancer mark H3K4mel or the repressive marks H3K27me3 and

H3K9me3. Thus, MLLT3 predominantly localizes to active promoters
in HSPCs.

Comparing MLLT3-bound genes to other expressed genes showed
that, although both contained active epigenetic marks at TSSs, MLLT3-
bound genes featured higher median expression, higher H3K79me2
enrichment and higher RNA Pol Il occupancy (Fig. 2b, ¢, Extended
Data Fig. 5b). Gene Ontology (GO) analysis of MLLT3-bound genes
in FL-HSPCs revealed enrichment of biological processes involved in
regulation of gene expression and nucleosome assembly (forexample,
histone genes), immune systermn development and haemopoiesis (for
example, HSC transcription factors RUNX1, MYB, MECOM and HOXA9)
and translation (for example, ribosomal proteins) (Fig. 2d, Supplemen-
tary Table 3a-c). Analysis of epigenetic marks in distinct MLLT3-bound
gene groups revealed differential enrichment for H3K79me2 and Pol
1I: the histone genes and immediate early response genes (such as JUV
and FOS) showed high Pol Il occupancy but low H3K79me2, whereas
HSC genes and ribosomal protein genes showed high enrichment for
H3K79me2 (Fig. 2e, Extended Data Fig. 5¢). These data suggest that
MLLT3 may regulate distinct target genes in HSPCs by influencing
H3K79me2 and/or Pol 1 activity.

Analysis of MLLT3 binding in erythroblasts from fetal liver (Fig. 2f,
Supplementary Table 3d) revealed cell-type specificity: 200 MLLT3
peakswere identified around TSSs, partially overlapping with FL-HSPC
peaks (Extended Data Fig. 6a-c). Common GO categories included
nucleosome assembly, whereas erythroid-specific categories included
oxygen transport and haem metabolic processes (Extended Data
Fig. 6d). Genome browser tracks demonstrated the correlation of
MLLT3 binding with epigenetic marks of active TSS in each cell type
{Fig. 2g, Extended DataFig. 6a), and enrichment of H3K79me2 in MLLT3-
bound HSC transcription factor genes.

MLLT3 protects HSC gene expression in cultured HSPCs
We next asked how sustaining MLLT3 expressionin cultured FL-HSPCs
maodulates their transcriptional program. ChiP-seq data showed similar
distribution of MLLT3-bound peaks and genesin uncultured HSPCs and
MLLT3-0E-vector transduced HSPCs after a 4-week culture (Extended
Data Fig. 7a-c). RNA-seq showed that modest differences in MLLT3
expression (2.77-fold MLLT3-0E versus control vector in HSPCs after
4-week culture) resulted in significant differential expression of 541
upregulated and 717 downregulated genes (Fig. 3a, Supplementary
Table 4). Genes that regulate translation and glycolysis, and several HSC
transcription factors (MECOM (also known as EVIT), HLF, MYB and GFI1)
and HSC surface proteins (c-KIT (also known as KIT), CXCR4, ROBOA,
EMCN and PROMI (also known as CD133)) were significantly upregulated
in MLLT3-OE HSPCs (Fig. 3b). Programs related to immune response
and apoptosis were suppressed (Fig. 3b). Although MLLT3 binding was
equally distributed between upregulated and downregulated genes,
MLLT3 binding was enriched in specific gene categories such as MLLT3-
OE-upregulated HSC transcription factor genes, and downregulated
nucleosome assembly (forexample, histone) genes. Immune response
and apoptosis genes suppressed in MLLT3-0E HSPCs showed minimal
binding (Fig. 3b-d). Comparison of cultured and uncultured HSPCs
suggested that MLLT3-0OE may help to diminish culture-associated
drift in gene expression, either directly (HSC factors) or indirectly
{immune response genes)' (Fig. 3d, e, Extended Data Fig. 7d). Functional
assessmentof 2of the 12 candidate HSC factors identified in Extended
DataFig. la-MECOMand HLF-both bound and upregulated by MLLT3,
validated them as important MLLT3 downstream effectors that sustain
HSC stemness. Knockdown of either factor resulted in premature HSPC
exhaustionand diminished the effects of MLLT3-OE on HSPC expansion
(Extended Data Fig. 7e-h).

Given the strong association between MLLT3 binding and H3K79me2
deposition in genes that encode HSC regulators, we asked whether
MLLT3-OE protects the expression of HSC genes in cultured HSPCs
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through DOTIL and H3K79me2. A significant MLLT3-dependent
increase in H3K79me2 was observed in MLLT 3-bound haematopoi-
etic regulators but not inimmune response genes that were indirectly
downregulated by MLLT3-OE (Fig. 3f, Extended Data Fig. 8a). Other
active marks tested (H3K%ac, H3K4me3 and H3K36me3) showed little
change with MLLT3-OE. Dependence of H3K79me2 on MLLT3 levelswas
verified in MLLT3-KD HSPCs (Fig. 3g). Culture with the DOTIL inhibitor
EPZ5676" reduced MLLT3-OE-associated increase in H3K79me2 in HSC
genes (Fig. 3g). EPZ5676 decreased H3K79me2 in both MLLT3-bound
and non-bound genes, whereas MLLT3-KD and MLLT3-OE only affected
H3K79me2 in MLLT3-bound genes (Extended Data Fig. 8b). These data
suggest that, although MLLT3 is not required for DOTIL activity and
H3IK79me2 deposition per se, MLLT3 cooperates with DOTIL in human
HSCs to enhance H3K79me2 deposition in HSC regulatory genes and
to maintain their activity during culture expansion.

MLLT3 enables ex vivo expansion of cord blood HSCs

The low number of HSCs in cord blood limits their use for transplanta-
tion, despite their better availability and more permissive HLA-match-
ing than bone marrow. We therefore asked whether MLLT3 can be used
to control the self-renewal of cord-blood HSCs (CB-HSCs). MLLT3-KD
incord-blood HSPCs(CB-HSPCs) severely impaired HSPC maintenance
in co-culture experiments with OP9M2 stroma cells (Extended Data
Fig.9a,b). Conversely, MLLT3-OE improved CB-HSPC expansion bothin
co-culture with OP9M2 cells and in serum-free conditions with UM171
and SR1(Fig. 4a, b, Extended Data Fig. 9¢, d).

Alimiting-dilution transplantation assay (Fig. 4a) was used to guan-
tify the expansion of transplantable HSCs (repopulating units) during
CB-HSC culture, Several doses of MLLT3-OE-transduced and control-
transduced cells were transplanted either at day 5 after transduction
or day 15 after culture and compared to uncultured CB-HSPCs. When
high doses were transplanted, multilineage human haematopoietic
reconstitution was observed in mice transplanted with uncultured
cells or with HSPCs transduced with control vector or MLLT3-0E vector
(Fig. 4c). Quantification of lineage differentiation in engrafted mice
confirmed a comparable differentiation ability of MLLT3-OE and uncul-
tured HSPCs (Fig. 4d), whereas HSPCs expanded by control vector
showed myeloid bias. Moreover, mice engrafted with MLLT3-OE cells
showed bothincreased HSPCs and total reconstitution compared with
equal cell doses of control cells (Fig. 4e, ). Analysis of mice transplanted
at limiting dilutions verified robust expansion of MLLT3-OE HSCs at
15 days of culture; 12.5-fold increase in repopulating units compared
withuncultured HSPCs and a 6.8-fold increase compared with MLLT3-
OEHSPCstransplanted at day 5(Fig. 4f-h). Therefore, increased recon-
stitution ability was not caused merely by the expansion of MLLT3-OE
cellsin recipient mice. Although cells transduced with control vector
showed some expansion (2.4-fold compared with uncultured HSPCs)
at 15 days, the expansion of repopulating units with MLLT3-OE was
5.2-fold higher. These data corroborate the importance of maintaining
MLLT3 levels during culture, both to achieve greater HSC expansion
and preserve differentiation potential.

Blood and spleen showed solid human haematopoletic recon-
stitution by MLLT3-0OE-expanded cells without evidence of lineage
bias, whereas control-vector-expanded cells showed inconsistent,
lower-level engraftment (Extended Data Fig. 10a-d). Secondary trans-
plantation of bone marrow from primary mice resulted in human hae-
matopoietic reconstitution with uncultured and MLLT3-OE cells, but
not with control-vector-expanded cells (Extended Data Fig. 10e, f).
Neither primary nor secondary mice transplanted with MLLT3-OE cells
suffered increased mortality or expansion of immature populations
(Extended Data Fig.10g, h), unlike mice transplanted with haematopol-
etic cells expressing the oncogenic fusion protein MLL1-MLLT3 that
rapidly developed leukaemia™*, Thus, sustaining MLLT 3 expression
in CB-HSPCs during culture enables a more than 12-fold expansion of
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Fig.4|MLLT3-OE expands transplantable CB-HSCsin culture. a, Limiting
dilutionanalysis for assessing MLLT3-OE effects on CB-HSPC expansionand
invivo reconstitution. b, Quantification of total celland HSPC expansionin
culture (n=3). Data are mean values. Pvalues determined by two-sided t-test.
¢, Representative FACS plots showing human haematopoietic reconstitutionin
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controlor MLLT3-OE vectorsand transplanted atday 15 after culture and
analysed 24 weeks after transplantation. FACS plots show total human
haematopoietic reconstitution (CD45), multilineage differentiation (myeloid,
B-lymphoidand T-lymphoid cells) and HSPCs in hCD45" cells. d, Quantification
of differentiated populations as a percentage ofhCD45  cellsin the bone
marrow of engrafted mice. e, Quantification of HSPCs as apercentage of live
bone marrow cells inengrafted mice. f, Quantification of human

transplantable HSCs that maintain balanced multilineage haemat-
opoiesis, demonstrating self-renewal of human HSCs in culture.

Discussion

Our discovery that restoring MLLT3 levels improves the expansion of
engraftable, multipotent human HSCs when cultured with SR1 and
UM171-small molecules that show promise for clinical HSC expan-
sion'®#***—suggests that combining several strategies to support HSCs
may be optimal for clinical translation. Notably, recent studies showed
amarked increase in mouse HSC activity after replacing albuminin
culture medium™. As harnessing HSC self-renewal in culture becomes
areality, the potential for transformation and clonal haematopoiesis
needs to be monitored carefully, independent of the expansion proto-
colused. Because every cell divisioninitself poses a risk for mutations,
the goal should not necessarily be maximal HSC expansion, but safe
expansion that preserves HSC integrity. Although no adverse effects
were observed with the MLLT3-OE vector, the use of transient, non-
integrating methods to maintain MLLT3 levels would be more appro-
priate for clinical use.

Our workidentified MLLT3 as an ‘HSC maintenance factor’ that pre-
serves—rather than confers—HSC stemness, by reinforcing programs
established by other factors. Localization of MLLT3 to active TSSs of
HSC genes in human HSCs in a cell-type-specific manner, using its

haematopoietic reconstitution in NSG mice at 24 weeks. Mice were
transplanted inlimited dilution doses withuncultured cells, or with transduced
cells cultured for Sor 15 days. The percentage of hCD45" cells inbone marrow
and the number of multilineage engrafted versus total transplanted mice is
indicated.Dataind-fare mean and individual values from three independent
experiments. Pvalues determined by two-sided r-test. Inf, ndenotes engrafted
mice/total transplanted mice for each condition. g, h, Calculation of
reconstituting units from limiting dilution assay. Datainhare expressed as
reconstituting units (RU) per 1,000 uncultured CB-HSPCs transplanted
directly or transduced with MLLT3-OE or control vector and cultured for Sor
15daysbefore transplantation. Expansion factorsand Pvaluesbetween
reconstituting units inuncultured HSPCs and MLLT3-OE or control vector-
expanded cells were calculated using ELDA software™ and are shown.

YEATS domain®", provides amolecular basis for the accurate binding
of MLLT3-OE in cultured HSPCs. This explains why full-length MLLT3
does not induce a differentiation block or ectopic activation of self-
renewal, unlike the oncogenic MLL1-MLLT3 fusion protein, which
rapidly converts haematopoietic progenitors toself-renewing leukae-
mia stem cells”***, Our work identifies MLLT3 as a central regulator
of transcription factors that individually control HSC function®**
and suggests that MLLT3-DOTIL-dependent regulation of H3K79me2
helps to maintain an active chromatin state in HSC regulatory genes
during culture. With the ability to protect HSC stemness program as
HSCsdivide, withoutenhancing proliferation orimposing self-renewal
program on progenitors, MLLT3 may help to improve HSC ex vivo
expansion for clinical use.
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Methods

Datareporting

No statistical methods were used to predetermine sample size. The
experiments were not randomized, and investigators were not blinded
toallocation during experiments and outcome assessment.

Human haematopoietic tissue collection and processing

Human HSPCs from fetal liver and cord blood were used to assess the
function of MLLT3 in fetal and neonatal human HSC. Second trimes-
ter (14-18 weeks) fetal livers were de-identified, discarded material
obtained from elective terminations of pregnancy after informed
consent. Specimen age is denoted as developmental age, two weeks
less than gestational age, and was determined by ultrasound or esti-
mated by the date of the last menstrual period. Cord blood units were
obtained from full-term pregnancies following informed consent and
de-identified upon collection. Because these tissues are discarded
material with no personal identifiers, this research does not constitute
human subjects research.

Fetalliver samples were mechanically dissociated using scalpelsand
syringes and strained through a 70-pm mesh. Single-cell suspensions
from fetal liver and cord blood were enriched in mononuclear cells by
layering on Lymphoprep (Stem Cells Technologies) and centrifugation
following manufacturer instructions. CD34" cells were magnetically
isolated from mononuclear cell fraction using anti-CD34 microbeads
(Miltenyi Biotech).

OP9M2 stroma co-culture for HSPC expansion

Human HSC co-culture on OP9M2 (subclone of OP9*, derived in our
laboratory and validated by gene expression analysis) stroma was
used to test the maintenance and expansion of immunophenotypic
HSPCs. OP9M2 cells were irradiated (20 Gy) and pre-plated (50.000
cells cm™) 24 h before the start of co-culture in OP9 medium, which
includes a-MEM (Invitrogen), 20% fetal bovine serum (FBS; Omega)
and 1= penicillin/streptomycin/glutamine (P/S/G). Human HSPCs were
plated on stromal layer in OP9 medium supplemented with hurman HSC
cytokines SCF (25 ng ml™, Peprotechor Invitrogen), FLT3-L(25ngml™,
Peprotech)and TPO (25ng ml™, Peprotech) (HSC medium). Cells were
co-cultured at 37 °C and 5% CO, and re-plated or analysed/sorted by
flow cytometry for HSPC markers (CD34°CD38 7 CD90°'GPISO" ) every
7-14 days. Halfof the HSC-medium was replaced every 2-3 days, Where
indicated, 500 nM StemRegenerinl (SR1) and 35nM UM171{5CT ) were
added to the cultures to improve human HSPC expansion.

SFEM culture for HSPC expansion

To test HSPC function in clinically relevant serum-free, stroma-free
culture conditions, HSPCs were plated in StemSpan SFEM 11 (SCT)
supplemented with human SCF (100 ng ml™), human FLT3-L (100 ng
mil™), human TPO (50 ng mi™'), human low-density lipoprotein (10 pg
mi™, SCT), P/S/G, 500 nMSR1and 35 nM UM171. Cells were cultured at
37 °Cand 5% CO and re-plated or analysed/sorted by low cytometry
for human HSPC markers every 7-14 days. Half of the HSC medium
was replaced every other day. In some experiments, DOT1l inhibitor
EPZ5676 (Cayman) was added at a concentration of 500 nM.

Flow cytometry and cell sorting

FACS analysis was performed using single-cell suspensions prepared
from fetal liver and cord blood as described above, or obtained from
NSG mice transplanted with human cells.

For identification of human HSPCs, cells were stained with mouse
anti-human monoclonal antibodies against human CD34-APC cl. 581
(555824; BD, 1:20) or -BV&05 (343529; Biolegend, 1:20), CD90-FITC cl.
SE10(555595; BD, 1:100) or -APC (555595; BD, 100), CD38-PE-Cy7 or
-BUV49acl. HIT2 (560677 and 564657; BD, 1:100), GP1-80-PE cl. 3HY
(DO87-5; MBL, used at 1:50). Cells were assayed on a BD-LSRII flow

cytometer and data were analysed with Flowjo software (Tree Star).
Cell sorting was performed using a BD FACS AriallL

Tomonitor human haematopoletic engraftment invivoinNSG mice,
bone marrow cells were stained with rat anti-mouse-CD45-APC-H7
¢l.30-F11(557659; BD, 1:100) and mouse anti-human monoclonal anti-
bodies against human-CD45-BV711 or -BV785cL.HI30 (304050, 304048;
Biolegend, 1:100). Haematopoietic differentiation was assessed in vitro
and in vivo using mouse anti-human monoclonal antibodies against
human CD19-PE or BV&0S cl. 1D3 or HIB19 (12-0193, 12-0199; eBio-
sciences, 1:50), CD3-PE-Cy7 cl. SK7 (557851, BD) (eBiosciences, 1:50),
CD4-APC (MHCDO0405; Invitrogen, 1:50), CD8-PE cl. HIT8A (555635; BD,
1:50), CD13-APC cl. WM15 (557454 ; BD, 1:50), CD66b-BV421 cl. G10F5
(555724; BD, 1:50), CD14-V500 cl. WM53 (561816; BD, 1:100), CD235a-PE
or -APC (Glycophorin A, HIR2, BD 1:100), CD71-AF647 (DF1513, Santa
Cruz1:100), CD41a-APC cl. HIF8 (579777; BD, 1:20), CD42b-PEcy7 cl. HIP1
(303916; Biolegend, 1:100), CD10-AF700 cl. HI10a (563509; BD, 1:100),
CD33-PEcl.WM53(555450; BD, 1:50), CD24-BV711 cl. ML5 (563401; BD,
1:100), CD20-BV650 cl. 2H7 (563780; BD, 1:100).

Dead cells were excluded with 7AAD (BD Biosciences, used at 1:50).
Forassessment of cell-cycle stages or apoptosis, 7AAD was combined
with BrdU-PE (556029; BD, 1:100) or annexinV-PE (556422; BD, 1:50),
respectively (see below).

RNAisolation, cDNA synthesis and gRT-PCR

RNAisolation was performed using the RNeasy Mini kit (Qiagen) with
additional DNase step using manufacturer’s protocol. cDNAs were pre-
pared using High-Capacity cDNA Reverse Transcription Kit (Thermo-
Fisher), and gPCR for GAPDH, MLLT3, MECOM and HLF was performed
with the LightCycler 480 SYBR Green | Master Mix (Roche) or TagMan
Gene Expression Master Mix on the Lighteyeler 480 (Roche). Primers
are presented in Supplementary Table 5.

Production oflentiviral shRNA and overexpression vectors
shRNA experiments were performed with pLKO lentiviral vec-
tors from the TRC library containing puromycin resistance gene.
shRNA TRCNODODDOS5793 (93, Sigma) was selected for in vitro
and in vivo experiments after testing for knockdown efficacy com-
pared to other shRNAs against MLLT3 from the RNAI Consortium
(TRCNOOOOD05790 to TRCNOOO0O005794) series. TRCNOOO0014790
and TRCNOOOOD02528 were used to knockdown HLF and MECOM,
respectively. shRNAs were tested on the K562 and Hep2G cell lines,
obtained by ATCC and mycoplasma-free.

HumanMLET3was cloned from human FL-HSPC full-length cDNA into
the constitutive FUGW (Addgene plasmid 14883, from D. Baltimore)
lentiviral vector, in whichits expression is controlled by the UBC pro-
moter. MLLT3c¢DNA with a C-terminal V5-tag wasinserted downstream
and in frame with the GFP sequence with the synthetic addition a P2A
sequence between the 2 ORFs, through two rounds of PCR (Supple-
mentary Table 4) using PfuUltra Il Ultra Fusion HS (Agilent).

Far lentiviral vector production, 20 million 293T cells were co-trans-
fected with deltaR8.2 packaging plasmid, VSVG-envelope plasmid, the
lentiviral vector plasmid of choice and Turbo DNAfectin 3000 (Lamda),
following manufacturer's instructions, in Opti-MEM (Life Technologies)
and incubated for 5-6 hat 37 °C. After incubation for 48 hin Ultracul-
ture medium (Lonza), supernatant was filtered and concentrated by
ultracentrifugation and pelleted viruses were resuspended in SFEM
and stored at—80 °C.

Lentiviral transduction

Sorted fetal liver and cord blood HSPCs were prestimulated 24 hin
StemSpan SFEM Il supplemented with SCF, FLT3-L, TPO and antibiotic-
antimycotic (LT). Wells were pre-coated with 40 pg ml™ RetroNectin
(Takara) and seeded with pre-stimulated HSPC in 300 pl SFEM. Len-
tivirus was added twice, first after 24 h from cell seeding and again
after additional 8 h. After 48 h from cell seeding, transduced cells
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were washed and seeded in the indicated conditions for each assay.
For shRNA-lentiviral vectors, puromycin (L0 pg mi™) treatment was
used for selection of transduced HSPCs and maintained throughout
culture. Cells infected with overexpression vectors were selected by
cell sorting for GFP expression.

Haematopoietic differentiation assays

FL-HSPCs sorted directly orafter 4 weeks of expansion on OP9M2 were
plated on differentiation assays. For myeloid assay, FL-HSPCs were
plated in Stem5Span SFEM I {SCT) supplemented with G-CSF (20 ng
ml™, Peprotech), GM-CSF (20 ng mi™, Peprotech), TPO (25 ng ml™)
and SCF (25 ng ml™). For the erythroid assay, HSPCs were plated in
StemSpan SFEM Il supplemented with IL-3 (20 ng ml ™, Peprotech),
EPO (251U, Thermo Fisher Scientific), SCF (25 ng ml™), L-glutamine
and antibiotic-antimycotic. For the megakaryocyte differentiation
assay, HSPCs were plated in IMDM supplemented with recombumin
(0.4% Albumedix), 2-mercaptoethanol (100 pM, Gibeo), SCF (100 ng
mi™), TPO(50 ng mi ™), IL-3 (10 ng ml ™), 1L-6 (7.5 ng mI™, Peprotech), IL-9
{13.5 ng ml™*, Humanzyme), human low-density lipoprotein (4 pgml ™,
SCT), ITS-X {Gibco), glutamax and antibiotic-antimycotic. Forthe T cell
assay, HSPCswere plated on non-irradiated OP9-DLLL stroma (25,000
cellscm™) in OP9 medium supplemented with SCF{25ng ml™), FLT3-L
(10ngml™)and IL-7 {20 ng ml™, Peprotech). For the B cellassay, HSPCs
were seeded on irradiated OP9M2 in MEM-alpha 5% FBS supplemented
with SCF (25 ngml™), FLT3-L (10 ngmi "} and IL-7 (20 ng mi'). In each
assay, cells were cultured in 24-well plates with 1 ml of the indicated
medium and half medium changes were applied every 2-3 days. Cells
were analysed by flow cytometry after 2 weeks.

Cell cycle and apoptosis assays

For the BrdU incorporation analysis in vitro, control- or MLLT3-0E-
transduced FL-HSPCs were cultured for 4 weeks on OP9M2 with 500
nM SRI1 and 35 nM UM171 and pulse-labelled with 10 pM BrdU for 35
mininculture, Cells were sorted for the indicated surface phenotypes
and processed according to the PE-BrdU flow kit (BD) instructions and
analysed by flow cytometry. Apoptosis from FL-HSPCs cultured in the
same conditions was assessed by flow cytometry using annexin-V-PE
(ED) and TAAD incorporation, following manufacturer instructions.

Transplantation assays in NSG mice

Invivo reconstitution ability of cultured HSPCs was assessed inimmu-
nodeficient mice. Female N5G ( Jackson Laboratories) mice, 8-12weeks
old, were sub-lethally irradiated (2.75 Gy) and retro-orbitally injected
with cells derived from fetal liver or cord blood in a volume of 100 pl
of RPML.

For MLLT3shRNA knockdown experiments, 30,000 fetal liver CD34°
cellswere infected with MLLT3shRNA or control lentivirus and cultured
on OPN2 for 9 days under puromycin selectionbefore ransplantation.
Ar12 weeks, MLLT3-KD mice were euthanized to obtain bone marrow.

For MLLT3-OE experiments with FL-HSPCs, mice were transplanted
with the progeny of 1,000 sorted GPISO’ FL-HSPCs (CD34'CD3g™"
CD90'GPIB0’ ), Cells were transduced with the MLLT3-OE or control
vector and re-sorted after Sdays for GFP'CD34 " cells. These cells were
either injected retro-orbitally immediately after sorting (day 5) or
expanded on SFEM for anadditional 10 days (day 15) before infection.
After 24 weeks, mice blood was collected, and mice were euthanized
to obtain bone marrow and spleen. Collected cells were analysed by
FACS to evaluate human engraftment (human CD45 and absence of
mouse CD45). Reconstituted mice were defined by the presence of GFP”
{MLLT3-0E and control vector) human CD45 cells that differentiated to
myeloid and lymphoid lineages 24 weeks after transplantation. Differ-
entiation into myelo-lymphoid lineages was evaluated by the detection
ofmyeloid (CD14 or CD660), B-lymphoid (CD1%) and T-lymphoid (CD3,
CD4 and CD8) markers on human CD45° cells. Of note, T-lymphoid
engraftment was evaluated only at 24 weeks from transplantation,
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owing tothe absence of reliable T-lymphoid differentiation at week 12
{MLLT3-KD, Extended Data Fig. 1k). Preservationof the HSPC compart-
ment (CD34 'CD38 ™) was also recorded.

For BrdUincorporationanalysisinvivo, NSG micewere transplanted
with high doses of human FL-HSPCs (8,000 GPIS0" HSPCsortheir prog-
eny at culture day 15 after transduction with control or MLLT3-OFE vec-
tor). Then 14 weeks after transplantation, 2 mg of BrdU was injected
intraperitoneally. Mice were euthanized 100 min after and bone marrow
was collected. Cells were sorted for the indicated surface phenotypes
and processed according tothe PE-BrdU Aow kit {BD) instructions and
assessed by flow cytometry.

For secondary transplantations, viably frozen bone marrow from pri-
mary NSG mice transplanted with 15-day cultured HSPCs or uncultured
H5PCs was used. Bone marrow from mice from the same experimental
group was pooled and a dose equivatent of 1/2 femur of the primary
mouse total bone marrow was injected retro-orbitally in sub-lethally
irradiated secondary recipients. Human engraftment was assessed in
bone marrow after 18 weeks from transplantation.

For the limiting dilution assay, CB-HSPCs were injected after FACS
sorting, after transduction and sorting transduced cells (GFP'CD34°,
day 5), orafter anadditional 10 days of expansion in culture (day 15).
The number of cells reported (2,000, 500, 50, 10} is the number of
sorted HSPCs (uncultured) that was transplanted directly, or the prog-
eny of which was transplanted after culture (days 5 and 15). Thecriteria
for multilineage engraftment was having hCD45 positive (GFP” with
MLLT3and CTRvector) cells thatdisplayed atleastone myeloid (CD14
CDa6bor both) and the B-lymphoid (CD19) marker. HSC frequency was
assessed using ELDA software™.

Apanel of markers covering the classical AML blast (CD34 and CD33)
and B-cell precursor markers (CD34, CDL0, CD20, CD24, CD38) altered
inMLL-MLLT3 fusion gene-driven leukaemiainimmunodeficient mice
were tested inmice transplanted with day-15-expanded MLLT3-OE CB-
HSPCs and uncultured CB-H5PCs.

All transplanted mice were included in the analysis unless they died
before the experimental endpoint (in total from combined fetal liver
and cord blood experiments, 14 out of 115 mice transplanted with
MLLT3-0E, 17 out of 98 mice transplanted with control vector HSPCs,
and 3 out of 36 mice with uncultured HSPCs died before 24 weaeks).

All studies and procedures involving mice were conducted in compli-
ancewithallthe relevant ethical regulations and were approved by the
LICLA Animal Research Committee (protocol 20005-109).

ChiIP-seq analysis
Sorted FL-HSPCs or erythroblases (CD34 CD235°CD71) (50,000~
10,0000 per immunoprecipitation) were crosslinked in 1% formalde-
hyde for 10 min, guenched with glycine 0.0125 M and snap-frozen as
adry pellet. The pellet was re-suspended in lysis buffer (50 mM Tris,
PH 8.2, 10 mM EDTA, 1% Triton X-100, 0.1% sodium deoxycholate,
0.5% sarkosyl) and sonicated 12 min at a 5% intensity using Misonix
cup-horn sonicator. Chromatin was incubated overnight with 2 pg of
antibody {(anti-MLLT3, Genetex, GTX102835; anti-V5, Abcam, abl5828;
H3K4me3, Abcam abB8580; H3K9ac, CST 9649; H3K9cr, PTM PTM-516;
H3K3ame3, Abcam ab9050; H3K79meZ2, Abcam, ab3594; RNA-polll
Rbpl (BWGL6) Biolegend 664911, H3K27ac, AM 39133; H3K4mel, AM
39297; H3K27me3, AM 39155; H3K2m3, AM 39161) preloaded onto 20
plofProtein G Dynabeads (ThermaoFisher) and washed twice with each
of the solutions (low-saltwash, high-salt wash, LiCl wash and TE buffer)
as previously described ™

ChIP experiments for H3K79me2 were also performed from short-
term cultures with FL-HSPCstransduced witheither MLLT3-KD (no.93)
or MLLT3-0E vectorand respective controls. Knockdown was collected
atday 5, which included 3 days of puromycin selection. MLLT3-OE
were sorted for GFP and collected at day 10, which included 4 days of
EPZ5676 treatment at 500 nM, or DMS0 as a control. Sonicated chro-
matin from these chips was spiked-in with 52 chromatin (Activ Motif)



following manufacturer instructions. Libraries were prepared with
the Nugen Ovation Ultralow kit v2 following manufacturer instruc-
tions and sequenced using HiSeq-4000 (lllumina) to obtain single-end
50-bp long reads. Demultiplexing of the reads based on the barcod-
ing was performed using in house Unix shell script. Mapping to the
human genome (hgl?) was performed using bowtie2. Samtoolsv.1.3.1
package was uses to create a.bam file, remove duplicates, blacklisted
regionand ChriM regions, sorcand index. Bedrools multicov was used
to quantify histone mark signals. GO analysis on genes bound by MLLT3
was calculated using Homer annotatePeaks.pl™ using -go functionand
statistic is reported as Pvalue, calculated with standard parameters by
the algorithm. Each H3K79me2, H3K4me3, H3K36me3 and H3K9ac
ChlP replicate on MLLT3-OE (Fig. 3f) is internally normalized using the
non-MLLT3-bound, housekeeping gene VCL (Extended Data Fig. 8b). For
H3K79me2 ChiP samples spiked in with 52 chromatin, sequences were
aligned toboth the human and Drosaphila melanogaster genome (dmeé)
and the quantified reads, were normalized by total readsaligned to dmé
for each sample (Fig. 3g). Coverage files, average profiles heat maps
were created with Deeptools packages™. MACS2 v.2.1.1" was used to
call MLLT3 peaks using default parameters for broadPeak calling.

ATAC-seqanalysis

FL-HSPCs orerythroblasts (CD34 CD235°CD71°) (50,000 sorted cells)
were processed according to the protocol™, with minor adjustments.
MNuclei were purified by the addition of 250 pl of cold lysis buffer (10
mM Tris-HCl, pH 7.4, 10 mM NaCl, 3mM MgCl,, 0.1%IGEPAL CA-630) to
sorted cells, pelleted and resuspended in the transposition reaction mix
(Mextera DNA Library Prep Kit, lllumina) and incubated at 37 °C for 30
min. Transposed DNA was column purified and used for library ampli-
fication with custom made adaptor primers™ using NEENext High-
Fidelity 2= PCR Master Mix (New England Labs). The am plification was
interrupted after Scyclesand a SyBR green gPCR was performed with
1/100f the sample to estimate for each sample the additional number
of cycles to perform before saturation was achieved. Total amplifica-
tion was between 10 and 15 cycles. Purified libraries were sequenced
using HiSeq-2000 (lllumina) to obtain paired-end 50-bp long reads.
Read-mapping tothe genome (hgl9) was done using Bowtie2 orv.2.2.9%
with parameters-local -X 2000 -N 1-no-mixed. The Bamcoverage tool
from Deeprools was used to create the coverage .bw files for visuali-
zation™, Samtools v.1.3.1 was used to remove duplicates and reads
aligned to chrivi.

RMNA-seqanalysis

Total RNA from 50,000 sorted HSPCs was extracted using the RNeasy
Mini kit (Qiagen) and library was constructed using KAPA RNA Hyper-
Prep Kit with RiboErase (HMR). Libraries were sequenced using HiSeg-
4000 (lumina) to obtain paired-end 50-bp long reads. Mapping to
the human genome (hgl?) was performed using TopHat v.2.0.9 or
v.2.0.14% with the parameters-no-coverage-search -M -T -x L Caover-
age files were created with the Genomecov tool from Bedtools™ with
the parameters -bg -split -ibam. For abundance estimations (FPKMs)
the aligned read files were further processed with HOMER coupled to
edgeR on the hgl? annotation. GO was calculated using DAVID™ and
statistic is reported as Pvalue, calculated with standard parameters by
thealgorithm. Gene expression changes were considered significantly
up-and downregulated when adjusted P< 0.05 (-log-transformed fold
change >0.322). The selection of differentially expressed genesisbased
on adjusted Pvalue {significantacross six replicates) rather than fold
change because, as MLLT3 is required to maintain HSC identity and

viability, the changes observed in the HSPC compartment reflect the
beginning of MLLT3-dependent processes, not the end point. Heat
mapswere generated using Morpheus (Broad Institute) using acolour
scale normalized by the minimum and maximum value for each gene.

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this paper.

Data availability

Sequence data that support the findings of this study have been
deposited in Gene Expression Omnibus (GED) with the accession
code GSE111484. Data from published reference are available in GEO
GSES10807. All other data are either available within the paper or from
the corresponding author upon reasenable request. Custom codes for
dataanalysis are also available upon request. There is no restrictionin
data availability.
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The ontogeny of human haematopoietic stem cells (HSCs) is poorly defined owing to
theinability to identify HSCs as they emerge and mature at different haematopoietic
sites'. Here we created a single-cell transcriptome map of human haematopoietic
tissues from the first trimester to birth and found that the HSC signature

RUNXT HOXA9'MLLT3' MECOM'HLF*'SPINK2" distinguishes HSCs from progenitors
throughout gestation. In addition to the aorta-gonad-mesonephros region, nascent
HSCs populated the placenta and yolk sac before colonizing the liver at 6 weeks.

Acomparison of HSCs at different maturation stages revealed the establishment of HSC
transcription factor machinery after the emergence of HSCs, whereas their surface
phenotype evolved throughout development. The HSC transition to the liver marked a
molecular shift evidenced by suppression of surface antigens reflecting nascent HSC
identity, and acquisition of the HSC maturity markers CD133 (encoded by PROMI) and
HLA-DR.HSC origin was tracked to ALDHIAI' KCNKI7" haemogenic endothelial cells,
whicharose froman /L. 33"ALDHIAT arterial endothelial subset termed pre-haemogenic
endothelial cells. Using spatial transcriptomics and immunofluorescence, we visualized
this process in ventrally located intra-aortic haematopoietic clusters. The in vivo map of

human HSC ontogeny validated the generation of aorta-gonad-mesonephros-like
definitive haematopoietic stem and progenitor cells from human pluripotent stem
cells, and serves as a guide toimprove their maturation to functional HSCs.

Developmental haematopoiesis consists of multiple waves of blood
cell production that culminate in the generation of self-renewing HSCs.
The steps togenerate human HSCs rather than HSC-independent pro-
genitors are poorly defined, compromising the efforts to differentiate
HSCs from human pluripotent stem (PS) cells for transplantation and
disease modelling. Human HSCs emerge in the aorta-gonad-meso-
nephros (AGM) region between Carnegie stages 13 and 17 (CS13-17;
4-6 weeks) through intra-aortic haematopoietic clusters (IAHCs)>.
Although IAHCs contain numerous haemogenic cells, transplantable
HSCs are rare (one per AGM)’, suggesting functional immaturity®. Nas-
cent HSCs colonize the liver, where they mature and acquire robust
bone marrow engraftment ability®. In contrast to mouse H5Cs, there
are no methods to recapitulate human HSC maturation in culture or
pinpoint their maturation stage®".

HSC emergence is preceded by several HSC-independent pro-
genitor waves™, The yolk sac first generates primitive erythrocytes
and macrophages, followed by erythro-myeloid progenitors (EMPs)
that initiate fetal liver haematopoiesis, at least in mice®”. In humans,
yolk-sac-derived myeloid progenitors seed the liver by CS12 (ref. '°).
Recent lineage-tracing studies have challenged the dogmas by show-
ing that progenitors generate long-lived progeny, including microglia
and tissue-resident macrophages". Moreover, lymphoid potential,
which was previously considered to be an exclusive trait of HSCs, has
been reported in HSC-independent progenitors ™" Innate-like B1B
cells were linked to developmentally restricted haematopoietic stem
and progenitor cells (HSPCs) that can acquire self-renewal ability after
transplantation®. Single-cell technologies uncovered an early (CS10-11)
HSC-independentintraembryonic human haematopoietic wave™, and
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associated fetal haematopoiesis with unexpected differentiation tra-
jectories and locations™ ", Although developmental haematopoiesis
involves multiple anatomical sites, including the yolk sac, placenta,
major arteries, and even the head and the heart'®, their contribution
to HSC development is unknown, especially in humans®. Our under-
standing of human HSC development has remained incomplete without
the ability todistinguish between HSCs and progenitors, and to identify
their endothelial precursor™“* ¥, The endothelialand haematopoietic
markers) CDHS5 (which encodes VE-cadherin), RUNXI and PTPRC (which
encodes CD45) associated with IAHCs are not specific to HSCs.

By creating asingle-cell transcriptome map of human HSC ontogeny,
we documented HSC development from arterial haemogenic endothe-
lium (HE) to transplantable HSCs using cell-type-specific molecular
signatures, stage-specificgene expression scorecards and protein land-
marks, and visualized HSC emergence in IAHCs using spatial transcrip-
tomics. This map validated the generation of AGM-stage HSPCs from PS
cells, and uncovered remaining bottlenecks to HSC generation in culture.

Molecular identity of nascent humanHSCs

Toidentifynascent human HSCs, we performedsingle-cell RNA-sequencing
(scRNA-seq) analysis of CD34'-and/or CD31'-enriched haemato-vascular
cells from the AGM region of three C514-15 (4.5-5 weeks) embryos (Sup-
plementary Table 1). Grouping the clusters by cell-type-specific gene
expressionuncovereda cluster with the expected features of human HSCs:
co-expression of transcription factors that regulate HSC specification
(medial HOXA genes™ ) and self-renewal (MLLT3™ , MECOM, HLF®) and
HSCsurface markers CD34, THYI (which encodes CD90) and ACEY (Fig. 1a
and Extended Data Fig. 1a-d). The expression of the highly HSC-enriched
gene HEF*5" was most specific to the HSC cluster.

Reclustering AGM haematopoieticcells also distinguished an HLF HSC
cluster that was enriched for HSC regulatory genes, whereas non-HSCs
expressed genes reflecting immune system development (Extended Data
Fig. 1f-k and Supplementary Table 2). To identify markers of nascent
HSCs, the HSC cluster was also compared with all of the other AGM clus-
ters (Supplementary Table 2). The top 30 HSC-enriched genesidentified
from these two comparisons included known HSC regulators (GFI, MYB)
and potential new human AGM HSC markers (SPINK2, RAB27B) (Fig. 1b,
©). SPINK2 (ref. '), which encodes aserine protease inhibitor observed
recently in HSPC datasets™®, wasthe most significantly enriched gene
in HSC cluster. AGM HSCs also possessed a distinct endothelial signa-
wure (PROCR, EMCN). The genes enriched in the AGM HSC cluster were
combined togenerate a ‘nascent HSC scorecard’ (Fig. 1b).

HSC and progenitor distribution at CS14

Todetermine whetherextraembryonic or other intraembryonic tissues
contain HSCs, we performed scRNA-seq analysis of multiple tissues
froma CS14 conceptus and searched for clusters co-expressing RUNX1
HOXA9'MLLT3' MECOM' HLF'SPINKZ2', herein termed the HSC signa-
ture. Selecting HLF cellsin such clusters identified candidate HSCs in
CS14 AGM, placentaand yolk sac, some in umbilical and vitelline ves-
sels, but minimalinthe liver, head and heart, although they contained
other haematopoietic cells (Extended Data Fig. 2a, b). The nascent HSC
scorecard confirmed the resemblance of extraembryonic HLF cellsto
AGM HSCs (Extended Data Fig. 2c).

To identify HSCs using a complementary method that minimizes
dropoutsin scRNA-seq, we used Markov affinity-based graphimputa-
tion of cells (MAGIC) imputation and calculated HSC module scores in
CS14 tissuesusing HSC signature genes (Extended Data Fig. 2d-f). This
analysis detected HSCs in the same locations (Fig. 1d). The nascent HSC
scorecard documented comparable molecular properties between
HSCsidentified by HSC module score versus HLFexpression (Extended
Data Fig. 2g). These data imply that HSCs populate extraembryonic
tissues before circulating systemically or colonizing the liver (Fig. le).
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Fig.1|HSCmolecularsignatureidentifies nascent human HSCs.

a, scRNA-seqanalysis of CD34 " and/or CD31" enriched cells from the AGM region
ofhuman embryos. n = 3biologically independent samples: week 4.5 (CS14), week
S(CS15,) and week 5(CS15,). Cellsare plotted using a t-distributed stochastic
neighbour embedding (e-SNE) analysis and are categorized according to cell type.
Clusters with haematopoietic cells (RUNX1'CD45")and HSCs (cluster 12) are
indicated by purple and black circles, respectively. Feature plotsidentify HSCsby
the co-expressionof HSC transcriptional regulators. Epith, epithelium; Other,
other haematopoietic cells. b, The nascent HSC scorecard dot plot, which
includes genes that are significantly enriched in the HSC cluster compared withall
oftheother clusters (ina), and allother haematopoietic cells (other) (Extended
DataFig. 1j) (expressed in<25% of cells in other populations). Statistical analysis
was performed using a Wilcoxon rank-sumtest; adjusted P < 0.0001. Selected
HSC genes showing endothelial cell (endo) expression arealsoincluded. Ery,
erythroid. Bold, HSC signature genes. €, Feature plots of HSC-enriched genes
SPINK2and RAB27E (left), and PROCR, shared with HSCand endothelial cells
(right). d, Quantification of module-selected HSCs inintra- and extraembryonic
tissues inaweek 4.5(C514) conceptus. e, Model scheme depicting nascent H5Cs
inthe AGM and extraembryonic tissues in CS14 -15(4.5-5 weeks) embryos. The
HSCmolecular signature distinguishes nascent HSCs from progenitors and
differentiated cells. e was partially created using BioRender.com.

Some haematopoietic cells in CS14 liver, head and heart expressed
SPINK2, despite lacking other HSC landmarks (Extended Data Fig. 2a-h).
The liver SPINK2' cells possessed a unique immune-system-related
expression signature that was distinct from AGM SPINK2' HSCs, but
shared with SPINK2' cells in the head and the heart (Extended Data
Fig. 2i, j and Supplementary Table 3). Many CS14 liver SPINKZ* cells
co-expressed genes associated with progenitors (CD34,KIT), lymphoid
differentiation (/L 7R, Il 2RG) and EMP/microglial development (MRCI,
CX3CR1)™" (Extended Data Fig. 2j-m). In contrast to prevalent myeloid
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differentiation, megakaryocytic/erythroid cells were rare. These data
suggest that CS14 liver SPINK2' cells are lympho-myeloid progenitors
(LMPs) that populate the liver before HSCs. Thus, lymphoid potential
alone does not predict the presence of HSCs.

HSC maturation in the liver

Todetermine the timing of when HSCs colonize theliver, HSC-containing
clustersexpressing HSC signature genes (RUNXT'HOXA9' MLLT3 MECOM'
HLF'SPINK2') wereidentified in different-stage AGM (4.5-6 weeks) and
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Fig.2|HSCdevelopmental maturation associates with stage-specific
molecular programs. a, scRNA-seqanalysis of four AGM tissues (CS14-17) and
sixlivers (C514 to week 15) from eight concepti. n = 10biologically independent
samples. UMAP analysis of haematopoietic clusters (RUNX1T'CD45') combined
fromall tissues displayinghaematopoietic cell (haema) types: HSC,
lympho-myeloid (Ly/My), monocyte/macrophage (Mo/My), granulocyte
(Granulo), lympheid (T lymphocyte (T}, B lymphocyte (B)), ervthroid,
megakaryocytic (Mk). b, Feature plots showing the expression of HSC
muolecular signature genes (HLF HSCsare circled). e, HLF cells within HSC
clustersineachtissue. d, HLF HSC from tissues containing >10HSCs,
reclustered and showninthe UMAP analysis. e, HSC transcription factors in
HLF H5Cs from different tissues. F, HSC maturation scorecard dot plot
showing the selected genes that are upregulated or downregulated during HSC
maturation (Prolif., proliferation). g, Flow cytometry quantification of the HSC
maturation markers HLA-DRand PROM1in fetal liver HSCs (CD43 CD45™°CD3
4°CD38""CD90"GPI-80") at different stages. n = 2 biologically independent
samples perstage.

livers (4.5-15weeks), bothinindividual tissues and in combined RUNXI'
cells (Fig. 2a-cand Extended DataFig. 3a). Quantifying HLF" HSCsinsuch
clustersrevealed that the HSC transition to the liver occurred at around
6weeks. Asthe nascent HSC scorecard revealed temporal changesamong
HLF" HSCs (Extended Data Fig. 3b) and uniform manifold approximation
and projection (UMAP) analysis ordered HLF' HSCs by developmental
age (Fig. 2d), we evaluated HSC maturation systematically. Although
AGM HSCs already expressed 20 known HSC transcriptional regulators,
documenting the transcriptional identity of HSCs (Fig. 2e), pseudo-
time analysis of HLF HSCs identified temporally regulated programs
highlighted in the HSC maturation scorecard (Fig. 2f, Extended Data
Fig. 3cand Supplementary Table 4). Genes characteristic of AGMHSCs
include those for endothelial and megakaryocytic surface antigens
(CDHS, ITGA2B) and cytokine receptors (IL3RA, CSFIR) associated with
myeloid progenitors and early HSC development**2. Genes linked to
fetal properties (LIN28B, IGFBP2, HMGA2""), and proliferative activity,
oxidative phosphorylation, and glucose and nucleotide metabolism
were gradually suppressed in liver HSCs, reflecting a transition to a
homeostatic state (Fig. 2fand Extended DataFig. 3d).

Genes in the antigen-presentation category, which was previously
linked to maturation to transplantable HSCs in mice*, were signifi-
cantly upregulated during HSC maturation, especially MHC class 11
genes (Fig. 2f and Extended Data Fig. 3d). The expression of MLLT3
and its targets (HLF, M512, PROMI1)* alsoincreased over time. Whereas
HOXA5-9 were maintained during HSC maturation, the posterior
HOXB7-9 genes declined (Extended Data Fig. 3e).

Selecting HSCs using HSC module score (RUNXI, HOXA9, MLLT3,
MECOM, HLF, SPINK2) and MAGIC imputation confirmed HSC colo-
nization to the liver at 6 weeks and organization by developmental
age (Extended Data Fig. 3f-j). Module scores for immaturity (CDHS,
MEIS2, IGFBP2, HOXB?) and maturity (PROM1, HLA-DRA, HEMGN,
M512) endorsed amaturational switchin liver after 8 weeks (Extended
Data Fig. 3k, I). Flow cytometry analysis of liver and cord blood (CB)
CD34°'CD38"*CD90" HSPCs and liver GPI-80' HSCs**** confirmed that
there was a temporal increase in HLA-DR and PROM1 expression, pin-
pointing landmarks for human HSC maturation (Fig. 2g, Extended Data
Fig. 3m, nand Supplementary Table 4).

HSCorigininarterial endothelium

Todefinethe cellular precursor of human HSCs, we evaluated connections
betweenhaemato-vascular populationsin C514-15 AGM using UMAP anal-
ysis (Fig. 3a, b and Extended Data Fig. 4a). A direct developmental trajec-
torywasobserved from GJA5" arterial endothelial cells (ECs) to HSCs, but
notother haematopoietic cells. Selecting CDH5'RUNX1"CD45 putative HE
identified cellsbridgingthe arterialand HSC clusters (Fig. 3b). Genessignifi-
cantlyenrichedin HEorupregulated or downregulated before or afterwere
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displayed across the populations in the endothelial-to-haematopoietic
transition (EHT) scorecard (Fig.3c and Supplementary Table 5). A similar
HOXA pattern betweenthe arterial endothelium, HE and HSCs suggested a
shared origin (Extended DataFig. 4b). Classical arterial genes (GJAS, CXCR4,
S0X17) were expressed across arterialclusters and downregulated after HE
(Fig. 3¢). Arterial cluster 3and HE displayed a mature arterial phenotype
(LTBP4, TMEMIOO0) and exclusive expression of several regulatory mol-
ecules (Wntinhibitor DKK1, angiotensin-ll receptor AGTR2). These related
populations could be distinguished by the expression of IL33and SULFI
in arterial cluster 3, and KCNK17, RUNXT and MYCN in HE. ALDHIAI (RA
signalling, essential for HSC fate™¥) was expressed from arterial cluster 3
to HSCs. Pseudotime analysis aligned these markers ina continuum with
HSCs, supporting /L 33°ALDHIAL' arterial ECs (herein termed pre-HE) as
the precursor for HSC-forming HE (Extended Data Fig. 4c-f).
Unsupervised clustering of variable genes across pseudotime uncov-
ered precisely timed regulatory switches during the EHT (Supplemen-
tary Table 6 and Extended Data Fig. 4g-k). HE displayed a transition
from endothelial to haematopoietic transcriptional programs, and
were preceded by metabolically quiescent arterial pre-HE displaying
TGFB/BMP and Notch signalling that declined after HSC emergence.
TGFB/BMP inhibitors (SMAD6, SMADZ) and Wnt inhibitors (DKK1,
DKK2) peaked in pre-HE and HE. Emerging HSCs maintained ALDHIAI
and induced cytokine receptors and JAK-STAT signalling (Fig. 3g).

Localizationof HSC emergence toIAHCs

To visualize HSC emergence, we performed Visium spatial transcrip-
tomics analysis of a CS515; (5 weeks) embryo. Seven transverse sec-
tions, including liver, AGM, gut and vitelline and umbilical vessels, were
sequenced (Fig. 3e, Extended Data Figs. 5 and 6 and Supplementary
Tables 1and 7). Cluster analysis identified regions with expected tis-
sue/organ-specific genes (NEUROD! in the neural tube, MYODI in the
myotome), whereas the expression of haematopoieticgenes (GYPA in
erythroid cells, RUNX1 and HLFin HSPCs) was scattered (Extended Data
Fig.5a-cand Supplementary Table 7). Many aorta sections showed evi-
dence of RUNX1expression (sections 2, 4, 6 and 7) and some expressed
HLF (sections 2and 7). Haematoxylin and eosin (H&E) staining revealed
IAHCs in these sections (Extended Data Fig. 6b).

The localization of EHT markers in CS15,embryo sections showed
strong but not exclusive expression of G/A5 in arteries, whereas the
pre-HE marker IL33was mainly concentrated in the aorta and umbilical
andvitelline arteries (Fig. 3e and Extended DataFig. 6a,b). The pre-HE/
HE marker ALDHIAI was expressed on the ventral side of the aorta, and
in the mesonephros (kidney) and liver epithelia. The HEmarker KCNK17
wasexpressed in aorta sections with IAHCs (sections 2,4, 6and 7), simi-
lar to RUNX1. SPINK2was detected in IAHCs (sections 2,4, 6 and 7) and
theliver (sections1and 2), of whichthe liver, but not IAHCs, expressed
the LMP marker /L 7R. These datalocalize pre-HE along the dorsal aorta
and other major arteries, and HE and HSC markers with IAHCs.

Immunofluorescence analysis of C515. AGM revealed nuclear /L33
expressionin CD31" aortic ECs that co-expressed ALDHIAI and associ-
ated ventrally with ALDH1A1" stromal cells (Fig. 3f and Extended Data
Fig. 6¢). While IAHC cells maintained CD31 and low ALDHIAI expres-
sion, they downregulated /L33, which has been associated with resting
ECs*. KCNK17 was induced in CXYCR4' IAHCs and adjacent aortic ECs,
confirming the arterial identity of HE and IAHCs. Together with SPINK2
and CD45expressionin IAHCs, these markers indicate HSC emergence
(Fig. 3fand Extended Data Fig. 6¢).

Haematopoieticwaves preceding HSCs

To evaluate the specificity of pre-HE and HEmarkers to HSC formation,
we compared CS13-17 AGM EHT data with HE from earlier (CS10-11)
embryos™ and yolk sac'. Unsupervised clustering of CDH5' ECs and
RUNX1' haematopoietic cells documented two waves of HLF ' SPINKZ'
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cells (CS13-17 AGM versus CS10-11embryoand yolk sac) that associated
with distinet EC populations (Extended DataFig. 7a, b).

Surprisingly, HLF 'SPINK2' HPCs in C510-11 embryo and yolk sac also
expressed severalnascent HSC scorecard genes (Extended Data Fig. 7d).
To pinpoint the differences between the two haemogenic waves, pre-
viously termed early (HSC-independent) and late (HSC-forming)™,
we generated ‘HSPC wave’ and ‘endo wave’ scorecards and displayed
wave-specific and common genesin each population (Supplementary
Table 8 and Extended Data Fig. 7e, ). In contrast to KCNK17, which
was expressed in HE and HSPCs in both waves, CS13-17 HE and HSCs
uniquely expressed transcriptional regulators from the ‘misregulated
incancer’ Gene Ontology category (RUNXITI, MECOM, MLET3,NKX2-3),
whereas C510-11 HE and HPCs expressed LIN284, GAD1 and FGF23.
HOXA7 and HOXA9 were absent from early HPCs, whereas HOXB7 and
HOXB9 were observed in both waves. C513-17 HSCs also expressed
higher levels of the HSC surface markers ITGA4, PROCR and EMCN.

The maturearterial phenotype' was observed only with HSC-forming
HE and associated ECs (Extended DataFig. 7f). Although NOTCH1 sig-
nalling was active in both HE populations, there were differences in
the target genes. Pre-HE/HE markers were specific to the HSC-forming
wave, starting with/f 33induction inthe CS11embryo (Extended Data
Fig.7b, ). Co-expression of ALDHIAI and CYP26B1in CS14-15 pre-HE/
HE imply fine-tuned RA signalling in this stage, which coincides with
Wnt and TGFB/BMP inhibition and diminished glycolytic activity.
These findings show that ALDHIAI' KCNK17' RUNXI' HSC-forming HE
exist in a defined window and develop from metabolically quiescent
IL33'ALDHIALI' arterial endothelium (Fig. 3g).

Extraembryonic HSCs link to the liver

To position extraembryonic HSPCs within human haematopoietic
ontogeny, we analysed intra- and extraembryonic haematopoietic
cells from all tissues together. HSC module score analysis linked CS14
extraembryonic HSPCs to the HSC compartment, while immaturity
and maturity module scores and UMAP analysis placed extraembry-
onic HLF* HSPCs between C514-15AGM and CS17 liver (Extended Data
Fig. 8a-f). The association of C514 placental and yolk sac HSCs with
CS17 liver HSCs suggests that there is arelationship between HSCs in
extraembryonic tissues and liver colonization.

The HSPC waves scorecard placed CS14 AGM and extraembryonic
HSPCs to the HSC wave, as they lack early HPC genes and express
robustly most HSC regulators (MLLT3, MECOM) and HSC surfacemark-
ers(ACE™), although HOXA9, NKX2-3and EMCN expression was weaker
inextraembryonic HSPCs (Extended Data Fig. 8g). The HSC maturation
scorecard also positioned extraembryonic HSCs between the AGM and
liver (Extended Data Fig. 8h).

Analysis of differentiation trajectoriesimplied that there is minimal
differentiation of HSCsin CS14-15 AGM, whereas CS10-11embryoand
yolk sac HPCs displayed megakaryocytic/erythroid differentiation
(Extended Data Fig. 8j, k). At C514, lymphoid and myeloid cells (mainly
macrophages) associated with liver SPINK2'IL7R' LMPs, which disap-
peared by week 8. Macrophages clustered by anatomical location even
within the same conceptus.

The first evidence of true multilineage haematopoiesis and robust
erythropoiesis in the liver was observed at C517, with a trajectory
from CS17 liver and CS14 placental HSPCs. HOXA9 expression in liver
erythroid precursors at 6-15 weeks and in a second lymphoid wave
appearing at 8 weeks suggests that they originate from HSCs. Con-
trasting the stable HOXA9 expression in HSCs and their immediate
progeny throughout ontogeny, HOXB9 was expressed only inimmature
HSCsand CS10-11HPCs (Fig. 2e and Extended Data Fig. 8g, k). SPINK2'
LMPs expressed neither HOXA9 nor HOXB9 (Supplementary Table 3).
The distinct regulation of HOXA and HOXB genes provides molecular
landmarks for tracking the HSC lineage, their maturation stage and
immediate progeny
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Generation of AGM-like HSPCs invitro

Toevaluate human PS cell differentiation towards HSCs andidentify their
invivo counterparts, we analysed scRNA-seq data from haemato-vascular
cells that were generated using two closely related protocols that pro-
moteintraembryonic-type multilineage haematopoiesis*’. These proto-
cols (AandB) use theswirler embryoid body method with HSCsupportive
cytokines, smallmolecules, and modifications of WNT and ACTIVIN/BMP
signalling (Extended Data Fig. 9a). Fluorescence-activated cell sorting
(FACS) and scRNA-seq analysis of the adherent and suspension frac-
tions fromthe embryoid body identified cells with surface phenotype of

Fig.4|Themap ofhuman HSContogeny uncovers the developmental stage of
PS-cell-derived HSPCs.a, UMAP analysis of adherent (adh.) and suspension (sus.)
fractions in CDHS'RUNXI' haemato-vascular cells (PS cell differentiation protocol
B).b, UMAP analyses highlighting SPINK2"HLF " HSPCs in PS-cell-derived CDH5"
RUNXT cellsfromadherentand suspension fractions. ¢, Summary of ACTINN
probability values for PS-cell-derived SPINK2'HLF " HSPCs from adherent and
suspension fractions (protocolsAand B). Dataare mean £ s.d. n= 349 SPINK2'HLF
adherent cellsand n=68SPINK2'HLF suspension cells (protocolA);andn =141
SPINK2'HLF adherent cellsand n=71SPINK2 HLF suspension cells (protocol B).
VE, venousendothelium; AE, arterial endothelium; EryMegMastProg, erythroid/
megakaryocytic/mastocytic precursors; EryProg, erythroid precursors; EryPri,
primitive erythroid; MonoMac, monocytes/macrophages. d, e, HSPC wave
scorecardgenes (d) and HSC maturationscorecard genes (e) inselected PS-cell-
derived populations fromdifferentiation protocols Aand Bcompared with their
invivo counterparts. Nasc, nascent; Plac., placenta; YS, yolk sac.

human HSPCs (CD34'CD38"*CD90'CD45') and arterial and haemogenic
endothelia (Supplementary Table 1).

Using the scRNA-seq data of human haematopoietic cell typesas aref-
erence, the ACTINN neural network-based program matched induced
PS (iPS)-cell-derived haematopoietic cells in the adherent fraction
with nascent AGM HSCs. The suspension fraction included cells that
were reminiscent of AGM, placental and yolk sac HSCs, as well as CS14
liver SPINK2' progenitors (Extended Data Fig. 9b, c). A close match
of HLF SPINK2' HSPCs to immature AGM and extraembryonic HSCs
was confirmed using ACTINN and nascent HSC, HSPC waves and HSC
maturation scorecards (Fig. 4b-e and Extended Data Fig. 9d).

ACTINN matched PS-cell-derived ECs to CS14/15AGM arterial pre-HE
and HE (Extended Data Fig. 9e). However, scorecards for the EHT and
endo waves identified differences compared with the EHT in vivo,
including undetectable or weak expression of ALDH1A1 and Wnt and
TGFB/BMPinhibitorsin pre-HE and HE invitro (Extended DataFig. 9f, g).
These signalling discrepancies during EHT and a lack of HSC matura-
tion pinpoint molecular bottlenecks for the generation of functional
humanHSCsin vitro.

Discussion

We established a scRNA-seq map of human HSC ontogeny from early
first trimester to birth to enable the study of human HSC and progeni-
tor hierarchiesindevelopmental tissues that are otherwise difficult to
access. We defined a six-genesignature (RUNX1' HOXA9'MLLT3' MECOM®
HLF'SPINK2") that distinguishes human HSCs from lineage-restricted
progenitorsinallstages, even when traditionally used assays toidentify
HSCs are too stringent (transplantability) or non-specific (multiline-
age haematopoiesis or lymphoid potential). We curated cell-type-and
stage-specific scorecards to provide a lens for evaluating haematopoi-
etic cells generated in vivo or in vitro across human developmental
timeline (Extended Data Fig. 10).

These methods detected nascent HSCs in the AGM region, the pla-
centaand yolk sac before HSCs populate the liver. Our analysis positions
extraembryonic HSCs one step downstream from the mostimmature
AGM HSCs, and suggests they are on track to colonize the liver to initi-
ate multilineage haematopoiesis, including HSC-driven erythropoie-
sis. Our finding that transient SPINK2'IL7R’ LMPs colonize the liver
before HSCs may elucidate the origin of tissue-resident macrophages
and innate-like lymphoid cells in human embryo. Comparing in vivo-
and in vitro-generated haematopoietic cells using scorecards and
neural-network-based label transfer validated humaniPS cell differentia-
tion to AGM and placental-stage HSC-like cells, and HPCs reminiscent
of liver LMPs. These discoveries will fuel future studies todecipher the
development and disease relevance of these diverse populations, and
helptounderstand the aetiology of blood diseases that develop inutero.

Our comprehensive map of human HSC ontogeny elucidates the HSC
maturation process that is necessary for robust engraftment ability.

Nature | Vol 604 | 21 April 2022 | 539

119



Article

Although HSC transcriptional identity isapparent after HSCemergence,
maturation totransplantable HSCsin the liver involves amplification of the
MLLT3-driven HSC self-renewal program and changesin HSC surface phe-
notype and functional properties. As HSCs inthe liver suppress fetal pro-
grams (LIN28B, IGFBP2) and transition towards a homeostatic, post-natal
HSC state, they acquire surface expression of PROM1 and MHC-class 11
molecules (Extended Data Fig. 10). Our finding that in vitro-generated
HSPCswere unable to complete maturation to liver stages highlights the
importance of understanding the molecular underpinnings of the HSC
maturation processand developing protocols that mimic liver HSC niches.
Single-cell analysis of the AGM during the developmental window
when HSCs emerge (CS14-15) documented a connection between
HSCs and arterial endothelium, clarifying the cellular origin of HSCs.
Using the molecular landmarks /L33, ALDHI1AT, KCNK17 and SPINKZ of
the EHT (Extended Data Fig. 10), spatial transcriptomics and immu-
nofluorescence analysis confirmed that IAHCs are sites of HSC emer-
gence. Our analysis implied that the activation of the haemogenic
program in ECs before the establishment of arterial identity gener-
ates differentiation-primed progenitors that express embryonic genes
(LIN28A) and lack HOXA patterning and arobust HSC self-renewal pro-
gram(Extended Data Fig. 10). Thus, the outcome of EHT depends on the
signalling environment in which the haemogenic endothelial precursor
was specified. Previous findings from human PS cell differentiation
studies corroborate this model**". Moreover, identification of landmark
genes for EHT and coordinated signalling switches that govern HSC
specification and emergence helped to pinpoint potential shortcom-
ings in the efficiency/timing of establishing bona fide arterial pre-HE
and HE in vitro. Access to the detailed molecular map of human HSC
development thatis informed by the humanembryowill help to uncover
the correctinstructions for generating fully functional HSCs in vitro.
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Methods

Ethical statement

First trimester tissues were obtained from University of Tubingenand
delivered to UCLA within 48 hafter the procedure. The Ethics Com-
mittee at the Medical Faculty of the Eberhard Karls University Tiibin-
gen and at the University Hospital in Tiibingen approved the use of
human embryo tissues from elective terminations for HSC research
(290,/2016B01). Second-trimester fetal liver tissues from elective ter-
minations performed at Family Planning Associates were provided to
the UCLA CFAR Cell and Gene Therapy core for distribution to UCLA
investigators. All human fetal tissue samples used were discarded mate-
rial from elective terminations that were obtained following informed
consent. The donated human fetal tissues were anonymized and did not
carry any personal identifiers. In all cases, the decision to terminate the
pregnancy occurred before the decision to donate tissue. No payments
were made to donorsand the donors knowingly and willingly consented
to provide research materials without restrictions for researchand for
use without identifiers. The UCLA IRB determined that the provision
of anonymized fetal material for research does not constitute human
subject research according to the US Federal regulations because the
tissues are anonymized, thatis, provided without any directorindirect
identifiers that could be linked back to a living individual. As a result,
investigators using such material are not engaged in research that is
subject to IRB oversight. Alldonors gave informed consent incompli-
ance with the US Public Health Service Act, Sections 498A and 498B for
the use of fetal material in research. All human tissue materials were
treated as biosafety level 2 and approved by the UCLA Institutional
Biosafety Committee (IBC) (BUA-2016-142-001, BUA-2019-186-001).
Studies using humaniPSs cells were approved by The Royal Children’s
Hospital Human Research Ethics Committee (33001A).

Isolation of human developmental tissues

Sample age was denoted as developmental age, that is, two weeks
less than gestational age, as determined by ultrasound or estimated
fromlast menstrual period. Embryos until developmental week 7 were
assigned Carnegie stages (CS) according to the morphological crite-
ria reported in hitps:/fembryology.med.unsw.edu.au. After procure-
ment, the tissue samples were washed insterile Dulbecco’s phosphate
buffered saline (DPBS, Invitrogen), placed in sterile DPBS that was
supplemented with 5% FBS (Thermo Fisher Scientific), 1% penicillin-
streptomycin (Gibco) and 2.5 pg ml ' amphotericin B (Sigma-Aldrich),
and processed for flow cytometry sorting or analyses within 48 h.
The first-trimester tissues included the AGM region surrounding the
abdominal aorta, the liver, the placenta, the yolk sac, vitelline and
umbilical vessels (distal parts), the head and the heart. Tissues were
digested in 2.5 Udispase (Gibca), 90 mg collagenase A (Worthington)
and 0.075 mg DNase I (Sigma-Aldrich) per ml in PBS containing 10%
FBS, for 20-45 minat 37 °C. Cellswere disaggregated by pipetting and
filtered through a 70 pm cell strainer.

Second-trimester fetal livers were collected into PBS 5% FBS
(Hyclone) and mechanically dissociated using scalpels and syringes,
followed by the enzymatic dissociation described above. Liver and
cord blood were enriched for mononuclear cells on a Lymphoprep
layer according to the manufacturer’s protocol (Stem Cell Technolo-
gies) and filtered through a 70 pm mesh. Placenta, second-trimester
liver and cord blood were magnetically enriched for CD34' cells using
the human CD34 MicroBead Kit UltraPure (Miltenyi) before FACS sort-
ing. A complete inventory of the tissues originally published in this
manuscript with descriptions of biological and technical attributes is
provided in Supplementary Table 1.

Flow cytometry and cell sorting
CD31" and/or CD34' haemato-vascular cells were enriched for
scRNA-seq by FACS sorting using permissive gating that resulted in
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10-20-fold enrichment of these cells. The cells were stained with the
following antibodies: anti-human-CD45-APC-H7 (2D1, 368516, BioLe-
gend; 1:100), CD34-BV605 (581, 745105, BD; 1:100), CD90-APC (5EL0,
559869, BD, 1:50), CD38-PE-Cy7 (HIT2, 560677, BD; 1:100), CD43-FITC
(1G10, 555475, BD; 1:20), CD235a-PE (GA-R2, 340947, BD; 1:100). CD34'
and/or CD31' cells were sorted into PBS 0.04% BSA using a BD FACS
Ariacell sorter using FACSDiva v.8.0. Representative sorting plots are
shown in Supplementary Table 1.

Flow cytometry analysis for evaluating HSC maturation was per-
formed using anti-human-CD45-BV785 (HI30, 304048; BioLegend,
1:100), CD34-APC (581, 555824; BD, 1:20), CD90-BV421(5E10, 562556,
BD, 1:100), CD38-BV711(HIT2, 303528, BioLegend 1:100), CD43-APCcy7
(1G10, 655430, BioLegend 1:20), GPIS0-PE (3H9, DO87-5, MBL 1:100),
PROMI-FITC (AC133, 130-113-111, Miltenyi, 1:100), HLA-DR-PEcy 7 (LN3,
25-9956-41, eBioscience 1:100) and Flow)o ( Tree Star). Representative
samples of the gating for maturation analysis are shown in Extended
DataFig.3m.

Flow cytometry analysis for evaluating human PS cell differentia-
tion was performed at day 14 using anti-human-CD45-FITC (HI30,
304054, BioLegend, 1:50), CD34-PEcy7 (581, 343516, Biolegend,
1:100), CD38-APC (HIT2, 303510, BioLegend, 1:50), CD44-APC (BJ18,
338806, BioLegend, 1:50), CD73-BV421 (AD2, 344008, BioLegend,
1:50), CD90-APC (5E10, 559869, BD, 1:50), CD90-BV421(5E10, 3281232,
BioLegend, 1:50), KIT (CD117) -BV421(10D2, 313216, BioLegend, 1:10).
Representative gating strategies are shown in Supplementary Table L

scRNA-seq analysis

For the generation of single-cell gel beads in emulsion, cells were
loaded onto a Chromium single-cell instrument (10x Genomics) with
anaverage estimated targeted cell recovery of -6,000 cells. Single-cell
suspensions of cells in 0.4% BSA-PBS were added to each channel on
the 10x chip. Cells were partitioned with Gel Beads intoemulsioninthe
Chromium instrument where cell lysis and barcoded reverse transcrip-
tion of RNA occurred after amplification. scRNA-seq libraries were
prepared by using the Chromium single-cell 3’ library and gel bead kit
v2(10x Genomics). Sequencing was performed on the llluminaNovaSeq
6000 system. For the embryoid body samples, scRNA-seq libraries (v3)
were prepared. For each supernatant and adherent fraction sample,
4,000-9,000 cells were captured and sequenced.

Single-cell data analysis

After sequencing, fastq files were generated using CellRanger mkfastq
(v.2.1.1). The raw reads were mapped to the human reference genome
(refdata-cellranger-GRCh38-1.2.0) using CellRanger count. Samples
fromref." were processed fromthe fastq file stage and aligned to the
same human reference genome (refdata-cellranger-GRCh38-1.2.0).
Digital expression matrix was extracted from the ‘filtered_gene bc_
matrices’ folder outputted by the CellRanger count pipeline. To identify
different cell types and find signature genes for each cell type, the
R package Seurat (v.3.1.2) was used to analyse the digital expression
matrix. Cells with less than 500 unique molecular identifiers (UMIs) or
greater than 5% mitochondrial expressionwere removed from further
analysis. The Seurat function NormalizeData was used tonormalize the
raw counts. Variable genes were identified using the FindVariableGenes
function. The ScaleData function was used to scale and centre expres-
sion values in the dataset, the number of UMIs was regressed against
eachgene. Principal component analysis (PCA), --SNEand UMAP were
used toreducethe dimensions of the data, and the first two dimensions
were used in the plots. The FindClusters function was used to cluster
the cells. Marker genes were found using the FindAllMarkers function
foreach cluster, which uses the Wilcoxon rank-sum test to determine
thesignificance and the Benjamini-Hochberg Procedure to correct for
multiple comparisons. Cell types were annotated based on the marker
genes and their match to canonical markers. For differential expres-
sion analyses between clusters or cell selections, the FindMarkers
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function was used. The adjusted P value and log-transformed fold
change cut-offs used are reported in the respective Supplementary
Tables for each analysis. The DotPlot function was used to illustrate
the expression pattern of chosen genes in selected cells. Using dot
plots, scorecards were created to highlight specific cell typesor devel-
opmental processes.

Tominimize the dropout effect for the scRNA-seq data, the MAGIC
function from the R package Rmagic™ was used to perform imputa-
tion with the default parameters after the NormalizeData step and
before the FindVariableGenes step. The other steps remain the same
as for the other analyses. The module scores were calculated using the
Seurat function AddModuleScore with the default parameters, which
measures the average expression levels of a set of genes, subtracted
by the average expression of randomly selected control genes. Where
HSPCs were selected on the basis of an HSC module score threshold,
HSCs from the AGM were used as a reference to establish the minimum
value for the HSC signature module score, whichwas thenapplied tothe
whole sample toextract the HSC module-defined cells fromall tissues.

R package monocle (v.2.10.1) was applied for pseudotime analysis.
The functions estimateSizeFactors and estimateDispersions were used
to normalize the total expression depth across cells and estimate the
dispersion of the genes. The detectGenes function was used to filter
genes; genes expressed inmore than 5cells or with an average expres-
sionlargerthan 0.5 were considered to be expressed genes. The differ-
entialGeneTest function was used to identify differentially expressed
genes among the expressed genes. The reduceDimension function
was used to reduce the dimensions of the dataset using the DDRTree
method. The orderCells functionwasused to learn a trajectory describ-
ing thebiological process that the cellsare going through and calculate
where each cell falls within that trajectory. The plot_cell_trajectory
function was used to generate the trajectory plot. For the maturation
analysis, the correlation between the gene and the pseudotime was
calculated using the R function cor.test, which outputs the correlation
coefficients and the Pvalues using the parametric correlation test.
The Pvalues were adjusted using the Benjamini-Hochberg procedure,
and genes with adjusted P values of smaller than 0.05 were used for
further analysis. Genes with a correlation coefficient of greater than
0.4 or less than 0.4 were considered to be positively or negatively corre-
latedwith the pseudotime, respectively. Gene Ontology analysis (using
Enrichr) was then applied to the positively or negatively correlated
gene set toidentify enriched pathways. Dot plots were used to visualize
the maturation process using selected genes. As there was an unex-
pectedimbalance between the sexes at different stages (Supplementary
Table 1), to ensure that the observed HSC maturation patterns reflect
the age rather than the sex of the tissues, the results were also validated
in other datasets outside this study. For EHT analysis, the plot_pseu-
dotime_heatmap function was used to generate the pseudotime heat
map. The number of gene sets was established using the num_clusters
argument within the monocle function plot_pseudotime_heatmap.
After testing different number of clusters, 10 clusters were chosen as
itenabled us to optimally separate the different modules of genes that
co-vary across pseudotime. Gene Ontology analysis (using Enrichr™)
was applied to each gene set to identify enriched pathways.

Spatial transcriptome analysis

The CS15, embryo in toto was frozen in OCT medium and stored at
=80 °C until sectioning. Optimization of tissue permeabilization was
performed on 10-pm-thick sections using Visium Spatial Tissue Opti-
mization Reagents Kit (10x Genomics), which established an optimal
permeabilization time of 30 min. The samples were mounted onto
a Gene Expression slide (10x Genomics), fixed inice-cold methanol,
stained with H&E and scanned using the Leica Aperio Versa 200 scanner
(Leica Biosystems). Tissue permeabilization was performed torelease
the poly-A mRNA for capture by the poly(dT) primers precoated on the
slide, whichinclude an lllumina TruSeq Read, spatial barcode and UML

The Visium Spatial Gene Expression Reagent Kit (10x Genomics) was
used for reverse transcription to produce spatially barcoded full-length
c¢DNA and for second-strand synthesis followed by denaturation to
allow the transfer of the cDNA from the slide into a tube for ampilifica-
tion and library construction. The Visium Spatial Single Cell 3' Gene
Expression libraries consisting of P5, P7,i7 and i5 sample indexes and
TruSeq Read 2 were generated by end repair, A-tailing, adaptor ligation
and sample index PCR. The Dual Index Kit TT Set A (10x Genomics)
was used to add unique i7 and i5 sample indexes and sequencing was
performed using the lllumina NovaSeq 6000 system.

After sequencing, reads were aligned to the human genome (hg38),
and the expression matrix was extracted using the spaceranger pipe-
line. The Loupe files generated by the spaceranger pipeline were used
to visualize and plot the expression of the genesinindividual sections.
In Loupe browser, the total UMI counts for each spot-associated bar-
code are normalized towards the grand median UMI counts per spot
by a scaling factor (computed as median_UMI_counts_per_barcode/
UMI_counts_per_barcode). The matrix is next log-transformed, then
mean-centred and scaled per gene such thatthe meanis O andthes.d.
is1. Toidentify genes enriched in specificareas of the sections, Seurat
was used toanalyse the expression matrix. All spots and genes that were
detected inat least one spot were used in the analysis. Specifically, the
SCTransform function was used to scale the data and find variable genes
using the default parameters. PCA was performed using the RunPCA
function, and the first 30 principal components were used. UMAP was
generated using the RunUMAP function. Spot clusters were obtained
using the FindNeighbors and FindClusters function with the resolution
set to1.2. The cluster markers were obtained using the FindAllMarkers
function (Supplementary Table 7). Cell-type deconvolution analysis for
the Visium sections was not appropriate due to lack of representation
ofallthe cell types in the scRNA-seq dataset. The tissues represented in
individual clusters were inferred using the Enrichr database®,

Immunofluorescence

Tissues were washed and fixed using 4% paraformaldehyde and embed-
ded in paraffin using a Shandon Citadel 1000 or STP120 (Thermo Fisher
Scientific). All paraffin-embedded tissues were sectioned (3 pm sec-
tions) usinga microtome HM340E (Thermo Fisher Scientific). Toidentify
anatomical regions, H&E staining was performedevery 20 slides. Before
staining, antigen retrieval was performed consecutively in Tris-EDTA
(pH 9.0) and citrate buffer (pH 6.0) in asteam cooker. For the intracel-
lular antigens, the sections were treated with 1% Triton X-100. A serum
block solution (serumtype depending on secondary antibodies, either
goat serum or donkey serum) was used to block unspecific binding sites.
The primary antibodies rabbit anti-human PECAM-1/CD31 (Novus Bio-
logicals, NB100-2284,1:200, 2), mouse anti-human ALDHIAL (SantaCruz
Biotechnology, sc-374149, 1:200, L1719), mouse anti-human IL-33 (Santa
CruzBiotechnology, sc-517600,1:50, H2720), CXCR4 (Novus Biologicals,
NB100-715,1:100, MCX4-1019, MCX4-0920), mouse anti-human KCNK17
(SantaCruz Biotechnology, sc-390435,1:100, DO113), rabbit anti-human
SPINK2 (Sigma-Aldrich, HPAO26813, 1:100, BL18804), mouse anti-human
CD45 (Vector Laboratories, VP-V354CE, 1:50, 6009341) were diluted in
antibody dilution buffer (PBS containing 1% BSA, 0.1% Triton X-100, 0.1%
cold water fish skingelatin, 0.05% Tween-20) and the samples were incu-
bated overnight at 4 °C. After several washes with washing buffer (DPBS
containing 0.05% Tween-20), the secondary antibody goat anti-rabbit
1gG (Life Technologies, 1:250, A11034, AF488, 2069632; 1:250, A11037,
AF594, 2079421; or 1:200, A21245, AF647, 2098544), goat anti-mouse
lgG2a (Life Technologies, 1:250, A21131, AF488,1964395;1:250, A21135,
AF594,1163392; 0r 1:200, A21241, AF 647, 2056280), goat anti-mouse [gGl1
(Life Technologies, 1:250, A21121, AF488, 1964382; 1:250, A21125, AF594,
2306794;0r1:200,A21240, AF647,2012512), donkey anti-goat IgG (Life
Technologies, 1:250, A11055, AF488, 830720) was applied to the samples
and incubated for 30 min at room temperature and, after several washes,
the sections were incubated with directly labelled antibodies for 1 hat
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room temperature. After several washes with DPBS, the sections were
incubated with TrueVIEW autofluorescence quencher (Vector Labora-
tories) for 5 min at room temperature. After two washes, the sections
were exposed to a DAPI solution (2 pg ml ' in DPBS, Roche) and then
mounted (Prolong Gold Antifade Mounting Medium, Thermo Fisher
Scientific). Fluorescence images were acquired using a confocal laser
scanning microscope (LSM 880 with Airyscan, Carl Zeiss Microscopy)
and a fluorescence microscope (Axio Observer 71, Carl Zeiss Micros-
copy). ZEISSZEN v.2 3 (black) ZEN v.3.1(blue) were used for acquisition
and processing of bright-field and immunofluorescence images.

PScell differentiation

RM3.5-induced humaniPScells, constitutively expressing a tdTOMATO
transgene from the GAPDH locus, were derived from human fore-
skin fibroblasts purchased from ATCC and reprogrammed using the
hSTEMCCAloxP four-factor lentiviral vector, which was excised after
reprogramming™. Human PS5 cell lines were maintained on Essen-
tial 8 medium (Thermo Fisher Scientific). Haematopoietic differen-
tiation was performed using the swirler embryoid body method as
described previously*. Inbrief, cells were dissociated using Accutase
cell dissociation reagent (Thermo Fisher Scientific) and resuspended
in STAPEL differentiation medium with minor modifications™. The cells
were transferred to non-tissue-culture-treated 6-cm dishes in 5 ml of
medium per dish. The dishes were then placed onto a digital orbital
shaker (Heathrow Scientific) rotating at 60 rpmin anincubator under
5% CO, at 37 °C. Mesoderm was induced on day 1 of differentiation by
acombination of 4 uM CHIR99021 (Tocris Biosciences), 0 or 3ng ml ™
recombinant human bone morphogenetic protein4 (BMP4, R&D Sys-
tems), 5 or 30 ng ml ' recombinant human ACTIVIN A (R&D Systems)
and 20 ng mi ' recombinant human fibroblast growth factor FGF2
(PeproTech) and patterned with additional 3 pM CHIR99021and 3 pM
SB431542 (Cayman Chemicals), 25 ng ml ' recombinant human vascular
endothelial growth factor (VEGF, PeproTech), 25 ng ml ' recombinant
human stem cell factor (SCF, PeproTech) and 20 ng ml ' recombinant
human FGF2 ondays2and 3, as described previously™. After3 days, the
medium was supplemented with 50 ng ml ' recombinant human VEGF,
20 ng ml ' BMP4, 10 ng ml ' FGF2, 50 ng ml ' recombinant human SCF
and 10 ng ml 'Irecombinant humaninsulin-like growth factor 2 (IGF2,
PeproTech). After 7-8 days of differentiation, growth factors were
modified to include 50 ng ml™ recombinant human VEGF, 50 ng ml™
recombinant human SCF, 50 ng ml ' recombinant human thrombopoi-
etin (TPO, PeproTech), 10 ng m! ! recombinant human FLT3 receptor
ligand (FLT3L, PeproTech), 10 ng ml ' IL3 (PeproTech), 10 ng ml " APELIN
peptide (Sigma-Aldrich), 10 ng ml FGF2and 20 nMSR1(Stemregeninl)
(Selleck Chemical). Mediumwas refreshed every 2 days during the dif-
ferentiation. Blood cells were shed into the medium after 10-12 days
of differentiation. After 14 days, cultures were collected. Cells shed
into the medium (denoted suspension haematopoietic cells) were
analysed separately from cells dissociated from the swirler embryoid
bodies (denoted adherent embryoid body cells). Swirler embryoid
bodies were disaggregated by 45 min incubation with collagenase |
(Worthington) at 37 °C.

iPS cell type prediction using ACTINN

The cells for these haemato-vascular cell types were selected as the
reference training data for ACTINN®: AGM_CS10_EC, AGM _CS10_HE,
AGM _CS10_HSPC, AGM _CS14-15 VE, AGM_C5S14-15_AE/Other, AGM_
CS14-15 AE/preHE, AGM _CS14-15 HE, AGM_CS14-15 HSC,YS CS11 EC,
YS_CS11_HE, YS_CS11_ HSPC, YS_CS14 EC,PL_CS14 HSC,YS CS14 HSC,
Liv_CS14_SPINK2 HPC, Liv_6wk_HSC, Liv_8wk_HSC, Liv_11wk_HSC,
Liv 15wk HSC, Cord blood_HSC, EryPri, EryProg, EryMegMastProg,
Gran, MonoMac, LymphB and LymphT. ACTINN prediction was run
using the default parameters to obtain the prediction cell type and the

prediction scores for each cell. The prediction scores ranged from 0 to
1and werevisualized in UMAP. The expression matrix for the reference
training data and the cell type annotation of the cells are accessible
in GitHub (https://github.com/mikkolalab/Human-HSC-Ontogeny).

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this paper.

Data availability

Sequencing data supporting the findings of this study have been
deposited at the Gene Expression Omnibus (GEQ) under accession
code GSE162950. Data from published references are available at the
GEOunderaccession code GSE135202. Aninterface for data browsing
andlinks to data are also available online (htep://singlecell. medb.ucla.
edu/Human-HSC-Ontogeny). Thereis norestriction in data availability.

Code availability

Custom code, R objects and metadata of these R objects are available
at GitHub (https://github.com/mikkolalab/Human-HSC-Ontogeny).
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