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Bone marrow transplantation therapy relies on the life-long regenerative capacity of
haematopoietic stem cells (HSCs)"2. HSCs present a complex variety of regenerative
behaviours at the clonal level, but the mechanisms underlying this diversity are still
undetermined®™. Recent advances in single-cell RNA sequencing have revealed
transcriptional differences among HSCs, providing a possible explanation for their
functional heterogeneity?". However, the destructive nature of sequencing assays
prevents simultaneous observation of stem cell state and function. To solve this
challenge, we implemented expressible lentiviral barcoding, which enabled
simultaneous analysis of lineages and transcriptomes from single adult HSCs and
their clonal trajectories during long-term bone marrow reconstitution. Analysis of
differential gene expression between clones with distinct behaviour revealed an
intrinsic molecular signature that characterizes functional long-term repopulating
HSCs. Probing this signature through in vivo CRISPR screening, we found the
transcription factor TCF15 to be required and sufficient to drive HSC quiescence and
long-term self-renewal. In situ, Tcf15 expression labels the most primitive subset of
true multipotent HSCs. In conclusion, our work elucidates clone-intrinsic molecular
programmes associated with functional stem cell heterogeneity and identifies a
mechanism for the maintenance of the self-renewing HSC state.

To simultaneously analyse mRNA and lineage information for multiple
stemcell clones, weisolated long-term HSCs (LT-HSCs) from 8-week-old
mice and transduced themwith the lineage and RNArecovery (LARRY)
lentiviralbarcoding library'® (Fig.1a). We transplanted approximately
1,000 labelled cells into lethally irradiated 8-week-old recipients and
analysed the HSC and committed progenitor cell fractions by inDrop
single-cell RNA-seq (scRNA-seq) after steady-state repopulation at
16-24 weeks after transplant (Extended Data Fig. 1a; n =3 experiments
(5 mice)). We used Louvain clustering to identify different stem/pro-
genitor populations, and these were labelled and merged on the basis
of expression of previously identified markers (Extended DataFig. 1b,
¢, Supplementary Table1). We then assigned LARRY lentiviral barcodes
toeach celltoreconstruct clonal relationships. Importantly, we bench-
marked LARRY for long-term clonal tracking, confirming that library
diversity was adequate for single-cell labelling, that barcode calling
was efficient for most populations, that single-cell readouts accu-
rately represented the DNA barcodes, and that barcode silencing was
negligible (Extended Data Fig. 1d-m).

Evaluation of HSC and progenitor barcodes confirmed that trans-
plantation haematopoiesisis sustained predominantly by HSCs, with
most progeny represented in atleast onebarcoded HSC, as previously
suggested*”? (Extended Data Fig. 2a). This experimental framework
allowed us to analyse the functional behaviours of 227 HSCs and their

associated gene expression programmes. We observed alarge degree
of clonal heterogeneity in terms of progeny output activity (4;), which
is defined as the ratio between the abundance of a given clone i in the
committed progenitor pool and its frequency inthe HSC compartment
(range: 0-51, mean=1.66; Fig.1b, c, Extended Data Fig. 2b, c¢). Remark-
ably, over 55% of HSC clones (-60% of all HSCs) were categorized as
relatively ‘low output’, self-renewing significantly more than differen-
tiating (4;<1; Fig.1d, Extended DataFig. 2d). Importantly, detection of
low-output clones was not an artefact of sampling, as clones containing
asmany as 588 cells showed this behaviour (Extended Data Fig. 2b, c).
While previous retroviral barcoding studies have suggested the exist-
ence of low-output clones, our single-cell approach allowed us to pre-
cisely quantify and appreciate the extent of this behaviour°22% We
also found that HSC clones were highly diverse in their lineage bias
(B,), whichis defined asthe frequency ratio between any single lineage
and the other progenitors. In particular, we found that -30% of clones
presented megakaryocyte (Mk)-biased output and were responsible
for50-60% of all Mk progeny (Fig. le-g, Extended Data Fig. 2e), inline
with previous observations®°,

In addition to defining clonal HSC heterogeneity, our approach
simultaneously allowed us to characterize differences in gene expres-
sion among functionally different clones. Compared to high-output
HSCs, low-output HSC clones expressed higher levels of quiescence
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Fig.1|Simultaneoussingle-cell lineage and transcriptome sequencing
maps functional HSC heterogeneity. a, Experimental design for studying
HSC heterogeneity with the LARRY lentiviral barcoding library. All panels are
representative fromn=3independent labelling experiments (five mice). LTR,
long terminal repeat; bc, barcode. b, Schemes of low-output (top) and
high-output (bottom) HSC clones. Prog, progenitors. ¢, Single-cell map that
shows clonal HSC output activity values. LARRY barcodes are used to assign
each celltoan HSCclone, and thenall cells from each clone are coloured based
onits calculated output activity. Major progenitor cell populations are
labelled. Ba, basophil; Ery, erythroid; GM, granulocyte-monocyte; MPP,
multipotent progenitor; preB, pre-B cell; preDC, pre-dendritic cell.d, The
distribution of high-output (outputactivity of >1) and low-output (output
activity of <1) HSC cells and clones (shown as % of total HSCs). Mean + s.d. is
shown. e, Schemes of lineage-balanced (top) and lineage-biased (bottom) HSC
clones. f, Single-cell map showing clonal Mk-bias values. g, Distribution of
Mk-biased and multilineage HSCs (cells and clones), Mk cells and non-Mk cells
(shownas % of total). Mean +s.d. isshown. h, Genes differentially expressed in
low-output (right, n=7,254 cells) versus high-output (left, n=3,512 cells) HSCs.
Geneswithanadjusted P<0.01(Benjamini-Hochberg-corrected t-test) and
fold change of >2 are coloured. Selected genes are labelled. i, Genes
differentially expressed in Mk-biased (right, n=3,399 cells) versus multilineage
(left,n=3,771cells) HSCs. Genes with an adjusted P< 0.01 (Benjamini-
Hochberg-corrected t-test) and fold change of >2 are coloured. j, Single-cell
map of HSCs, coloured by the signature score values. k, Heatmap that shows
the Pearson correlation between different signature scores across allHSCs
(n=10,837).1, Scatter plot of Mk bias and output activity (log-transformed) for
each HSCclone, coloured by clone HSC frequency (freq). The dashed lines are
the outputactivity threshold (4;=1) and the Mk-bias threshold (B;=4). Only
cloneswithaHSC frequency of >0.005 are depicted (n=62).
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and self-renewal markers such as Txnip, Mllt3, Socs2, Mpl, Mycn, Cdknic
and Ndn, in addition to other components poorly described in HSCs,
including those encoding fatty-acid oxidation enzymes (Hacd4), MHC
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class Il components (Cd74 and H2-EbI) and transcription regulators
(Nuprl and Tcf15)* % (Fig. 1h). Interestingly, the low-output HSC sig-
nature shared multiple genes with the Mk-biased HSC signature (Fig. 1i,
Supplementary Table 2). Analysis of computed signature scores con-
firmed that the low-output and Mk-bias genes are co-expressed and
overlap with published signatures of highly purified native LT-HSCs,
while they negatively correlate with the cell-cycle signature score, sug-
gesting a relatively quiescent HSC state post-transplantation'>733-3
(Fig. 1j, k, Extended Data Fig. 2f). The barcode measurements of HSC
output activity (A4,) and Mk bias (B;) also presented a significant nega-
tive correlation (r=-0.74), confirming that low-output and Mk-biased
behaviours are enriched in the same set of clones (P < 0.001; Fig. 11).
Importantly, these behaviours were not restricted to distinct HSC sub-
populations defined solely by transcriptional clustering methods,
highlighting the relevance of clonal tracking for studying HSC hetero-
geneity (Extended Data Fig. 3a-e, Supplementary Table 3).

Altogether, our data suggest that, even after transplantation, a
large number of engrafted HSC clones display low progeny output
(irrespective of their clone size), contribute biasedly to the Mk line-
age, and express a distinct signature that contains genes associated
withincreased quiescence and self-renewal. We posit that, after trans-
plantation, a subset of HSCs reacquire a configuration that resembles
unperturbed native LT-HSCs, which also contribute little to mature
progeny during the first year of life’ and show predominant Mk-lineage
contribution®®,

The genetic programme of HSC engraftment

To identify clone-intrinsic gene expression programmes associated
with functional long-term repopulation capacity, we performed sec-
ondary transplantations. We repeated our barcoding experiments,
sampling only half of the LT-HSC compartment by inDrop at 16 weeks
(1T clones), while the other half of the HSCs (3,500 barcoded cells)
was randomly split into two equal parts and transplanted into two
secondary recipients. These recipients were analysed 24 weeks after
transplantation by inDrop (2T clones; 25,636 cells) (Fig. 2a, b). We found
astrong correlation (r = 0.67) between the secondary engraftment
potential (‘2T-expansion’) of the same clones in separate secondary
recipients (Fig. 2c, Extended DataFig. 4a), inline witharecentreport®.
This high correlation seems to be predetermined, at least in part, by
size-independent clone-autonomous properties of the primary HSC
clone (Fig. 2c, Extended DataFig. 4b, c), when compared to an equipo-
tentnullmodel, in whicheach HSCis assumed to have equal probability
of engrafting (P=0.0013; see Supplementary Methods). Surprisingly,
wefound thatatleast one of the properties affecting secondary engraft-
ment was the HSC output activity in the primary recipient. We found
that high-output 1T HSC clones were significantly absentinsecondary
recipients (Fig.2d, e). Instead, serial transplantation was mainly driven
by low-output 1T HSC clones (P=0.049, compared with the equipotent
nullmodel; Fig. 2d-f, Extended Data Fig. 4d), and this observation held
true when considering each lineage separately or all combined (Mk,
myeloid or lymphoid; Extended Data Fig. 4e). Together, these results
argue that the differentiation history of astemcell clone compromises
its long-term repopulating capacity in a clone-autonomous manner.
Similar to other clonal functional outcomes, serial repopulating
behaviour was only modestly enriched in HSC subclusters defined solely
by their transcriptome (Extended Data Fig. 4f). To extract agene signa-
ture that was indicative of long-term potential, irrespective of clustering
orany other parameters, we performed differential expression analysis
that compared clones with observed serial repopulation and clones
that were not detected in the second grafts. The molecular signature
of functional long-term regeneration was characterized by expression
of several well-known markers of native quiescent HSCs (Mycn, Procr,
MIlt3, Matn4, Hoxb8, Slamf1, Rorc and Cdknlc)***2%* and by lack of
expression of cycling/activated HSC and Mk-differentiation markers
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(Cd34,Cdké, Pf4,Itga2b and Gatal)'*****,inaddition to alarge number
of genesthatareyetundefinedin this process (Fig.2g, Supplementary
Table2). Thissignature correlated remarkably with the low-output and
Mk-biased signatures, and withsome native LT-HSC signatures that have
been previously described>” (Extended Data Fig. 5a—c, Supplementary
Table 2). Altogether, our results indicate that long-term potency is an
intrinsicand heritable property of self-renewing low-output HSC clones
that can propagate through transplantation and is characterized by the
maintenance of aunique transcriptional programme, which resembles
the programme of native and quiescent HSCs.

Insitu CRISPR screening of HSC fate

Onthebasis of the combined transcriptional signatures of low-output
and secondary-repopulating HSC clones, we selected 63 differentially
upregulated genes previously uncharacterized in HSCs, to test their
requirement for suppressing HSC output (Supplementary Table 4).
We performed a doxycycline (Dox)-inducible positive-enrichment
in vivo CRISPR screening post-reconstitution to identify single guide
RNAs (sgRNAs) thatincreased HSC contribution to mature/progenitor
cell fractions**¢ (Fig. 3a, Supplementary Table 5). Deep sequencing
revealed five targets that were consistently overrepresented in most
populations and had the highest positive average enrichment score
using MAGeCK analysis: Adam22, Tcf1S, Clec2d, Clca3al and Smtnl1*
(Fig.3b, Supplementary Table 6). We determined that Tcf15sgRNA had
the most robust effect across the six biological replicates (Extended
DataFig. 7a). Moreover, TCF15 (also known as Paraxis) is aknown tran-
scription factor, which suggested a possible master regulatory func-
tion in the molecular programme that controls HSC output. TCF15 is
essential for pluripotency exit, somitogenesis and paraxial mesoderm
development, but has notbeen described in haematopoiesis so far**~°,

We confirmed that T¢f15 expression is specific to HSCs in our and
previously published data sets***! (Extended Data Fig. 6a—c). TcfIS
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expression correlated with low-output/long-term engraftment
HSC signatures (Extended Data Fig. 6d-g). Clonal data showed that
Tcf15" HSCs exhibited significantly lower output activity (Extended
Data Fig. 6h, i). In addition, combined single-cell mRNA and sgRNA
sequencing revealed that Tcf15 sgRNA clones were partially depleted
from transcriptionally defined quiescent HSC clusters and enriched
in committed progenitor clusters (Fig. 3c, Extended Data Fig. 7b).
Differential gene expression analysis in Tcf15 sgRNA cells showed
reduced expression of Tcf15 (expression: 13% of control, P=0.02), in
addition to other quiescent HSC markers (Sultlal, Procr, Mecom and
Cdknlb/c),and concomitant upregulation of cell-cycle and active HSC
hallmarks (Fig. 3d, Supplementary Table 7).

Atypical consequence of loss of quiescence is stem cell exhaustion
and impaired long-term regenerative capacity*>*, Lentiviral-mediated
Tcf15 CRISPR knockout partially impaired peripheral blood and bone
marrow engraftmentin primary transplants (Extended Data Fig. 7c-f).
The most noticeable defect was observed in the immunophenotypic
LT-HSC gate, suggesting a specific loss of the most quiescent stem
cells, which we confirmed by cell-cycle analysis (Fig. 3e, f, Extended
DataFig.7g). We further validated that disrupting Tcf15fully abrogates
long-term engraftment potentialin secondary transplantation (Fig. 3g).

Since TCF15isatranscription factor, we hypothesized thatinducing
Tcf15 expression could be sufficient to enforce quiescence through
the upregulation of a Tcf15-driven gene network. Using a lentiviral
Dox-inducible TcfI5 transgene, we first observed that Tcf15 overex-
pressioninhibited HSC proliferationin vitro (Extended Data Fig. 8a,
b). Similarly, TcfIS overexpression in stably reconstituted mice
led to the inhibition of haematopoietic differentiation (Extended
DataFig. 8c, d). Remarkably, Tcf15-overexpressing cells exhibited a
20.8-fold enrichment in the frequency of LT-HSCs in the bone mar-
row and a depletion of downstream progenitors (Extended Data
Fig.8e-i). scRNA-seq analysis of the cKit" marrow fraction revealed
that Tcf15-overexpressing cells were almost exclusively restricted to
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shown. e, Fluorescence-activated cell sorting (FACS) plots that show bone
marrow LSK staining for SLAM in donor-derived sgControl and sgTcf15eGFP*
cells. Plots arerepresentative fromn=4independent experiments.

f, Quantification of the cell-cycle status of eGFP* LSKs. Mean +s.d. is shown.
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the quiescent HSC clusters (Fig. 3h, i). Secondary transplantations
demonstrated that Tcf15-overexpressing LT-HSCs could still exhibit
long-term repopulation upon suppression of Tcf15 transgene expres-
sion by Dox withdrawal (Extended Data Fig. 8j, k). To outline a gene
programme driven by TCF15, we compared the single-cell differential
gene expression signatures of Tcf15-overexpressing (Fig. 3j, Sup-
plementary Table 8) and Tc¢f15-depleted HSCs, and found 174 genes
with significant symmetrically opposite expression, which were
enriched for previously described regulators of HSC quiescence/
maintenance, including CdknIc, Socs2, Mcll and Gata2****% (Sup-
plementary Table 9). Altogether, these experiments indicate that
TcflSexpressionis bothrequired and sufficient to maintain stem cell
quiescence, and that TCF15 is required for the long-term regenera-
tive capacity of HSCs.
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TCF15 defines a hierarchy within LT-HSCs

Tounderstand how Tcfi5expressionis regulated in the native context,
we generated a knock-in reporter mouse: 7cf15-Venus (Extended Data
Fig. 9a). Venus fluorescent protein expression was detected in only
0.032% of bone marrow cells and was highly enriched in the LT-HSC
compartment, which contained 65.6% of all Lin"Venus” cells (Fig. 4a, b,
Extended DataFig. 9b-f). However, consistent with scRNA-seq analysis,
Tcf15 expression within the LT-HSC compartment was markedly
heterogeneous, labelling only 38.4% of the cells, and positively cor-
related with surface receptor levels of endothelial protein C receptor
(EPCR; encoded by Procr; r=0.61+ 0.13) and Sca-1 (encoded by Lyé6a;
r=0.65+0.07), two markers of quiescent LT-HSCs that were also part of
the Tcf15" gene set (Fig. 4c, Extended DataFig. 9f). To test the functional
implications of Tcf15 expression, we separately transplanted Venus”*
and Venus™ LT-HSCs into irradiated recipients (Fig. 4d). Venus® cells
reconstituted relatively normal blood and bone marrow compartments,
andregenerated both Venus* and Venus™ HSCs (Fig. 4e, Extended Data
Fig. 9g-0). By contrast, Venus™ cells solely gave rise to Venus™ cells,
displayed relatively impaired primary regeneration and showed signifi-
cant loss of secondary repopulation capacity (Fig. 4e, Extended Data



Fig.9g-p). Extreme dilution analysis with single and five-cell transplan-
tation revealed a frequency of approximately one functional HSC for
every two cells in the TCF15* LT-HSC compartment, whereas virtually
no reconstitution activity was observed in the TCF15~ compartment
(Fig. 4f). Altogether our analyses indicate that Tcf15 expression defines
ahierarchy within HSCs, where it promotes a self-renewing, quiescent
TCF15" cell state with long-term repopulation potential. We propose
amodel where upon injury or transplantation, a subset of HSCs loses
Tcf15 expression to become active and produce progeny (Fig. 4g).

Recent development of simultaneous lineage and mRNA profiling
has enabled direct association of cell behaviours with unique gene
expressionsignatures'®*¢-8 Applied to haematopoietic regeneration,
we have uncovered clone-autonomous stem cell behaviours and the
molecular mechanisms that regulate them in vivo. We propose that
TCF15is one of the few HSC-restricted transcription factors that spe-
cifically regulates the functional LT-HSC state. Our approach may also
be directly adapted to study stem cell quiescence regulators in other
regenerative tissues.
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Methods

Animal guidelines

All animal procedures followed relevant guidelines and regulations.
All protocols and mouse lines were approved and supervised by the
Boston Children’s Hospital Institutional Review Board and Institutional
Animal Care and Use Committee.

Mice

The TetO-Cas9/M2rtTA mice were a kind gift from S. Orkin (and are
available from The Jackson Laboratory, strain no. 029476). To induce
Cas9 expression, mice were fed with 1 mg/ml Dox together with
5Smg/mlsucroseindrinking water for theindicated periods of time. There-
after, Dox was removed. The Tcf15-Venus mice were generated from previ-
ouslydescribed targeted embryonic stem cells*. All other mice were the
BL/6) strainand obtained from The Jackson Laboratory. Female mice were
used as recipients for transplantation. Phlebotomy was performed by
retro-orbital sinus peripheral blood collectionand analysis (200pl). Com-
plete blood counts were analysed with an automated Hemacytometer.

Bone marrow preparation

After euthanasia, whole bone marrow (excluding the cranium) of BL6/)
or TetO-Cas9/M2rtTA mice was immediately isolated by flushing and
crushingin 2% FBS-PBS, and erythrocytes were removed with RBClysis
buffer. CD45.1 (CD45.1, B6.SJL-Ptprca Pep3b/Boy], stock no. 002014,
TheJackson Laboratory) mice were used as transplantation recipients
for CD45.2 (BL6/J) mice.

FACS

Lineage depletion was performed using magnetic-assisted cell sorting
(Miltenyi Biotec) with anti-biotin magnetic beads and the following
biotin-conjugated lineage markers: CD3e, CD19, Gr1, Macl and Ter119.
Cell populations from bone marrow or peripheral blood were purified
through four-way sorting using FACSAria lll or FACSAria Fusion (Becton
Dickinson). An example of the sorting strategy for inDrop experiments
can be found in Extended Data Fig. 10. Lineage enrichment was per-
formed using anti-cKit (2B8) magnetic beads (Miltenyi Biotec). The
following combinations of cell-surface markers were used to define
these cell populations: erythroblasts: Ly6G CD19 Ter119*FSC"; granu-
locytes: Ly6G*CD19 Terl19~; monocytes: Ly6C'Ly6G CD19 Ter1197;
pro/pre-Bcells:Ly6G CD19*,Mkprogenitors:Lin cKit'Scal CD150"CD41";
LT-HSC: Lin cKit"Scal'CD150"CD48"; multipotent progenitors gate
1/short-term HSCs (MPP1/ST-HSCs): Lin cKit"Scal’*CD150"CD48~; MPP2:
Lin“cKit'Scal’CD150'CD48";and MPP3/4: Lin cKit'Scal'CD150 CD48".
For cell-cycle analysis, isolated cells were fixed in 4% PFA at room tem-
perature for 10 minand permeabilized with 0.1% Triton X-100 (Sigma)
before intracellular staining with 1 pg/ml DAPI and anti-mouse Ki67
antibody. Flow cytometry data were analysed with FlowJo v10 (Tree
Star). FACS sorting was performed to obtain the maximal number of
available cells from the whole bone marrow extract using purity modes
(-98% purity) at ~-80% efficiency. Example sorting parameters for LARRY
barcoding experiments can be found in Supplementary Fig. 1. The list
of antibodies can be found in Supplementary Table 13.

Transplantation assays

LT-HSCs from BL6/) (CD45.2) 8-week-old mice were transplanted in
PBS through retro-orbital injection (150 pl per mouse) into CD45.1
recipient mice previously exposed to a lethal gamma radiation dose
(2times 5 Gy with a2-hiinterval). Donor cell engraftment (percentage
of CD45.2" peripheral blood leukocytes) and labelling frequency were
analysed using an LSRIl equipment (Becton Dickinson).

DNA isolation and amplification
Cells of interest were sorted into 1.7-ml tubes and concentrated into
5-10 pl of buffer by low-speed centrifugation (700g for 5min).Sample

DNA was purified by QIAamp DNA Micro kit (56304, Qiagen) and eluted
into 10 pl elution buffer before PCR processing. Details for the LARRY
pooled library amplification protocol are available at Addgene (no.
140024).

scRNA-seq and low-level data processing

Transcriptome barcoding and preparation of libraries for single-cell
mRNA sequencing was performed withinDrop using alcellbio device
(1cellbio). For our experiment, the eGFP* Lin cKit-enriched bone mar-
row fraction from recipients was labelled and FACS sorted in four
ways to purify SLAM LT-HSCs (Lin"Scal*cKit*CD150"CD487), MPPs
(Lin"Scal*cKit*CD1507), MkP (Lin"Scal cKit*CD150*CD41") and the rest
of cKit-enriched cells. All available labelled LT-HSCs are encapsulated
in one sample. Then, MPP, MkP and the rest of the cKit-enriched cells
are pooled at equal quantities to sample HSC progeny (‘KIT’ cells).
LT-HSC and KIT libraries were processed independently. Libraries for
all the populations were prepared the same day, with the same stock
of primer-gels and RT-miXx, to avoid batch effects. inDrop Primer-gels
(v3) were purchased from the Harvard Single Cell Core. Libraries were
sequenced onan IllluminaNextSeq 500 sequencer using a NextSeq High
75 cycle kit, according to inDrop v3 guidelines (Harvard Single Cell
Core). Raw sequencing reads were processed using the inDrop v0.3
pipeline®® (github.com/indrops/indrops). LARRY sequencing reads
were processed using the LARRY vO0.1 pipeline (github/allonkleinlab/
LARRY). Single-cell data were analysed and visualized using scanpy
v1.4.6%° (github/theislab/scanpy) and SPRING v1.6% (github/allonklein-
lab/SPRING _dev).

Single-cell encapsulation and library preparation for
sequencing

For scRNA-seq, we used the inDrop updated protocol previously
described®®, with a modification to allow targeted sequencing of the
LARRY barcode. In brief, single cells were encapsulated into 3-nl drop-
lets with hydrogel beads carrying barcoding reverse transcription prim-
ers. After reverse transcription in droplets, the emulsion was broken
and the bulk material was taken through: (1) second-strand synthesis;
(2) linear amplification by in vitro transcription; (3) amplified RNA
fragmentation; (4) reverse transcription; and (5) PCR. To specifically
amplify barcode-containing eGFP transcripts, we split the amplified
RNA fraction (after step (2)) and used one-half for standard library prep-
arationand the other halffor targeted lineage barcode enrichment. To
target the barcode, we modified the subsequent steps of library prep by
(1) skipping RNA fragmentation; (2) priming reverse transcription using
atranscript specific primer at10 mM (TGAGCAAAGACCCCAACGAG);
and (3) introducing an extra PCR step using a targeted primer (eight
cycles using Kapa HiFi 2X master mix, Roche; primer sequence =TCG
TCG GCA GCG TCA GAT GTG TAT AAG AGA CAG NNN Ntaa ccg ttg cta
gga gag acc atat) and 1.2x bead purification (Agencourt AMPure XP).
Targeted and non-targeted final libraries were pooled at a 1:5 ratio
before sequencing.

Read alignment, cell filtering and counts normalization

FASTQsequence files were demultiplexed and aligned to the GRCm38
mouse reference genome using the inDrops v0.3 pipeline (https://
github.com/indrops/indrops), generating cell-by-gene counts tables
for each experiment and condition. Cells were filtered toinclude only
abundant inDrop barcodes on the basis of visual inspection of the
histograms of total transcripts per cell (SPRING_dev/data-prep). The
data were further filtered to eliminate putatively stressed or dying
cells, defined by having >15% of transcripts coming from mitochon-
drial genes. We used the SCRUBLET algorithm®? (https://github.com/
AllonKleinLab/scrublet) toinspect putative doublet cells. Cells within
each experiment were then normalized (20,000 counts) to have the
same total number of transcripts for all subsequent analyses. Filtering
and QC parameters (min/max UMIs/cell, median UMIs/cell, normalized
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UMls/cell and median genes/cell) are summarized in Supplementary
Table 10.

Generation of SPRING plot layouts

We used SPRING for single-cell data visualization®. For all SPRING plots
shown, we began with total-counts-normalized gene expression data,
filtered for highly variable genes using the SPRING gene filter_genes
function (from https://github.com/AllonKleinLab/SPRING_dev/blob/
master/data_prep/spring_helper.py using parameters (85, 3, 3)), and
further filtered to exclude cell-cycle-correlated genes—defined as
those with correlation R > 0.1to the gene signature defined by Ube2c,
Hmgb2,Hmgn2, Tubalb, Ccnbl, TubbS, Top2a and Tubb4b.To plot cellsin
SPRING, we embedded cellsin 50-dimensional PC space and imported
theminto SPRING dynamic mode as a k-nearest-neighbour (knn) graph
with (k=8). The graph was then allowed to relax in SPRING. To avoid
confusion by having many different SPRING plots throughout the manu-
script, we reused the single-cell coordinates from two experiments and
mapped all other experiments by allowing each cell to choose its 40
nearest neighbours from the first experiment (approximate nearest
neighbours), and then take on the average position of the subset of
neighbours that were among the original set.

Single-cell clustering

Single-cell transcriptomes were clustered using the Louvain algo-
rithm, following a current recommendation of best practices®. This
was performed directly with the SPRING command run_clustering.py,
which takes the knngraph and uses the networkx package community.
best_partition functiontoreturnthe most stable partition (resolution
was maintained as default =1). Clusters that were not reproducible
between biological replicates were excluded from further analyses.
For plotting clusters and populationsinto single-cell maps, cells were
subsampled randomly without substitution (8,000 cells), and plotted
top to bottom ordered by clusters (in the following order:'8','11’, 15,
'19','9",'10','2','0','3’,'4",'7','6','1','5’,'12,'21','14"). Some clusters were
low abundance and not reproducible in independent experiments
and these are not shownin these plots (‘13,16 ‘17, ‘18’,20’, 22’,23’).

Cluster annotation

HSCand progenitor clusters were annotated semi-manually, by identify-
ing previously described marker genes among the top cluster-enriched
genes (ranked gene z-score test comparing each cluster versus all
remaining cells). The full list of cluster markers used are summarized
inSupplementary Table 1. HSC clusters were defined by being enriched
inthe LT-HSC single-cell libraries (compared to the progenitor librar-
ies). Differential gene expression between each HSC subcluster and the
restisshowninSupplementary Table 3. Among the four HSC clusters,
HSC-1presented agene signature that was closest to the native dormant
LT-HSCsignature and HSC-2 presented agene signature that suggested
anaged/inflammatory state®*'*6*¢5_ By contrast, cluster HSC-3 showed
atranscriptional programme associated with HSC cycling and activa-
tion***?, and cluster HSC-4 was defined by markers of activation and Mk
priming®. From the rest of the cKit* cells, we identified 16 additional
clusters containing different progenitor cells, including three stable
clusters of MPPs® ¢, Progenitor clusters were combined based on the
common expression of described lineage markers such as: Mpo, Prtn3
and Elanefor GM (clusters1,2 and 3), Car1, Car2 and KIf1 for erythroid
(Ery-1/2), and Pf4, Itga2b, Cd9 and Rap1b for Mk progenitors (Mk-1/2).
MPP clusters were annotated by being enriched in the progenitor librar-
ies (compared to the LT-HSClibraries) but lacking expression of specific
lineage markers as defined.

DPA

For statistical test of the differences in cluster proportions, we used
the DPA algorithm. This algorithm returns the probability that an
observed distribution of cells among clusters is obtained by random

chance, by shuffling the cells across categories 100,000 times to esti-
mate anulldistribution. Clusters witharesulting P<0.1were considered
as significantly differentially enriched between the two conditions.

Cell barcoding with LARRY

The pLARRY vector was constructed by DNA synthesis and Gate-
way cloning (Vectorbuilder) using a protocol adapted from Naik,
Schumacher etal. 2014 and Gerrits, Dykstra et al. 201072 The barcoded
linker was created by annealing two DNA primers (forward, 5’-CCC
CGGATCCAGACATNNNNC TNNNNACNNNNTCNNNNGTNNNNT
GNNNNCANN NNCATATGA GCAATCCCCACCCTCCCACCTAC-3%;
reverse, 5-GTA GGT GGG AGG GTG GGG ATT GCT-3’; IDT DNA). N was
ahand mix of25%A,25% C,25% T and 25% G. Primers (10 pmol of each)
were mixed in 50 pl1x NEB buffer 4 (New England Biolabs). After heating
the mixture for 5minat 95 °C, the primers were allowed to anneal down
to 37 °C gradually decreasing the temperature (0.5 °C/min). Then, 1U
of Klenow DNA polymerase (3’-5’ exonuclease mutant) and 50 nmol
of dNTPs were added to the mixture and incubated for 2 h at 37 °C.
After Klenow inactivation for 20 min, the barcoded linker was then
digested withamixture of Ndeland BamHI (New England Biolabs) and
ligated into the Ndel-BamHI site of the pLARRY vector at a 3:1ratio.
The resulting ligation mix was purified and transformed into 10-beta
electroporation ultracompetent Escherichia coli cells (New England
Biolabs) and grown overnight on LB plates supplemented with 50 pg/ml
ampicillin (Sigma-Aldrich). From eight plates, -0.5-1x10° colonies were
pooled by flushing plates with LB supplemented with 50 pg/ml ampicil-
lin. After 6 h of culture, plasmid DNA was extracted with a Maxiprep
endotoxin-free kit (Macherey-Nagel). We amplified and sequenced
the LARRY library barcodes in bulk (performed in duplicate, with a
barcode overlap of 97.7%) and used these sequencing reactions to build
abarcode whitelist using the software suite umi-tools (distance =5). The
whitelist is provided in Supplementary Table 12. The pLARRY vector
map and plasmid, as well asasample of the library are available through
Addgene (pooled library no.140024).

LARRY library lentiviral preparation

The LARRY-eGFP library and third-generation lentivirus components
(psPAX2 and pMD2.G) were co-transfected into HEK293 Lenti-X cells
(Takara Bio) using the TRANS-IT 293 kit (Mirus bio). Lentivirus was
harvested every 12 h for 72 h and concentrated using ultracentrifuga-
tion (at 50,000g and 4 °C, for 90 min). HEK293 cells were grown in
DMEM with 10% FBS and 1% penicillin/streptomycin (GIBCO, Thermo
Fisher scientific). HSCs were transduced using spininfection (800g for
90 minat 30 °C) invirus concentrate, cultured at 37 °Cfor 8 hand then
washed out twice with PBS and resuspended in PBS for transplantation.

Calling of lineage barcodes

To call lineage barcodes, we began with an intermediate output of
the inDrop pipeline: a list of reads with an annotated cell barcode
and unique molecular identifier (UMI). From this list, we extracted
all (cell-BC, UMI and lineage-BC) triples that were supported by at
least 10 reads, collapsed all lineage-BC’s within a hamming distance
of four using a graph-connected-components-based algorithm, and
carried forward the (cell-BC and lineage-BC) pairs supported by
three or more UMIs. To call clones, we then applied a set of filtering
steps: (1) cells with the exact same barcode were classified as clones;
and (2) pairs of cells in separate sequencing libraries with the same
cell-BC and lineage-BC were discarded, since statistically these could
only arise from instability of the droplet emulsion. These steps have
been implemented in a pipeline available online: https://github.
com/AllonKleinLab/LARRY. All called barcodes were then verified
against the barcode whitelist generated by bulk DNA-seq (see Sup-
plementary Table 12). Typically, we successfully retrieved the line-
age barcodes from ~75% to 90% of inDrop GFP" cells using these
parameters. Sorting, filtering and barcode retrieval efficiencies are
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summarized in Supplementary Table 10. To estimate the quality of our
scRNA-seq-based barcode calling approach we verified that: (1) bar-
coded and non-barcoded cells present similar transcriptional cluster
distributions (variance across clusters was 4.55 + 2.78%), (2) barcode
diversityis sufficient for labelling unique cells, and (3) barcode expres-
sionis not significantly silenced even after extended periods of time
(Extended DataFig. 1b—f). We also verified that barcode retrieval effi-
ciency per GFP* cell was similar across populations, with aminor loss
of capture efficiency in the preDC and preB clusters (Extended Data
Fig.1g). To further ensure that barcode retrieval by scRNA-seq was
representative of the ‘real’ barcode pool, we compared our method
with a traditional PCR-based amplification from genomic DNA. We
amplified the LARRY barcode from 50 ng of genomic DNA isolated
from 200,000 myeloid (Grl/Mac1*) and 100,000 lymphoid (CD19%)
progenitors, using a nested PCR protocol over three steps with atotal
of 25PCRcycles (primers and the PCR protocol areindicated in the fol-
lowing link: https://benchling.com/s/seq-F1ID5aW7t91Bn3q8oywBg),
and sequenced on an Illumina MiSeq. Barcodes were then trimmed,
collapsed and compared with the inDrop RNA-seq-derived barcodes
(using ahamming distance of four). Analysis revealed that at least ~70%
of DNA-seq barcodes (largest barcodes overall) were present in the
scRNA-seq data (Extended DataFig.1h-j), and the estimated clone sizes
derived from scRNA-seq and DNA-seq for each clone were positively
correlated (r=0.72; Extended Data Fig. 1k). To further confirm that the
low-outputactivity observed in HSC clonesis not due tolow barcode
sampling efficiency or barcode silencing, we performed acomparison
of the relative output calculated from DNA-seq and scRNA-seq data
forthe same clones, which revealed a significant positive correlation
(r=0.83; Extended Data Fig. 11). We could not robustly retrieve Mk
barcodes by DNA-seq, and therefore our estimation of Mk contribution
could not be validated in asimilar manner. However, our estimations
fallin line with previous publications using single HSC transplants,
using a more sensitive measurement®.

Quantification and classification of HSC clonal behaviours

For each clone, the distribution of cells among clusters was used to
quantify three distinct behaviours. Consider N;the number of all cells,
K;the number of non-HSCs and H;the number of HSCs, for each clone
i(injclones). For estimating the clone size, we calculated the relative
abundance (frequency) of each clone i:

N
2N

j[f:

For quantifying the relative output activity (4;) of each clone i, we
divided the frequency innon-HSC clusters (k;) by the frequency in HSC
clusters (h;). We added a pseudocount of 0.0001 in the denominator
to avoid division by O in clones without progeny.
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For finding statistically significant high-output and low-output clones,
we first defined a null hypothesis, assuming no differences in output
activity among clones (output =1). Then, we generated a null hypoth-
esis distribution of A, values for each clone by sampling 10% the HSCs
(expected progenitors), calculating the A;for each clone and iterating
this process over1,000 times. We next generated a similar distribution
of our observed values, by bootstrapping 10% of the non-HSCs. Finally,
for each clone, we compared the two distributions of 4; ,,, Versus A, .,
using atwo-sample t-test. Clones with P<0.05 were considered as sig-
nificantly high output or low output and used for subsequent analyses
(on average 94.3% of clones).

For quantifying the Mk-lineage bias (B)) for each clone i, we divided
the frequency in Mk clusters (k; \,) by the frequency in non-Mk clusters.

We added a pseudocount of 0.0001 in the denominator to avoid
division by 0 in clones without progeny.

s
PMKT K non-wik + 0.0001

For finding statistically significant Mk-biased clones, we first defined
anull hypothesis, assuming no differences in Mk bias among clones
(B;=1). Then, we generated a null hypothesis distribution of B; values
for each clone by sampling 10% non-Mk progenitors (expected Mk),
calculating the B;for each clone and iterating this process over 1,000
times. We next generated a similar distribution of our observed values,
bootstrapping 10% of the Mk progenitors. Finally, for each clone, we
compared the distributions of B; ., and B, ,, using atwo-sample t-test.
Cloneswith P<0.05and B;>1or B;>4 were considered as significantly
biased and used for subsequent analyses. For calculating signatures, we
considered B;> 4, but quantification of clones with B;,>1are also shown
inFig.1jand Supplementary Table 2. For plotting these measurements
into single-cellmaps, cells were subsampled randomly without substi-
tution (8,000 cells), and then ordered top to bottom, first by clusters
(1-23) and then randomly within each cluster. For the separate plots
of high-output and low-output clones in Extended DataFig. 2d, e, cells
were subsampled randomly without substitution (2,200 cells) and
then ordered (top to bottom) in the same way. The results of all these
quantifications are summarized in Supplementary Table 11.

Single-cell differential gene expression analysis

Single-cell differential gene expression was carried out with scanpy,
using the rank_genes_groups function, which performs a ¢-test with
Benjamini-Hochberg correction for multiple testing. The numbers of
cellsused for each comparison are summarizedin each corresponding
Supplementary Table. Symmetrically opposite gene expression analy-
sis of sgTcf15 and TetO-Tcf15 HSCs was performed by multiplying the
scores of each differentially expressed gene (rankgrcys X rankreo1enis),
selecting all results with a negative sign (those expressed in opposite
directions) and then further filtering those downregulated in sgTcf15,
withthe assumption thatthese genesare regulated positively by TCF15
transcription factor activity. Theresulting list was analysed using Top-
pgene” for gene ontology analysis and is shown in Supplementary
Tableo.

Gene signature scores

Scores for gene signatures were generated with the scanpy score_genes
function, with default options. Selected genes to build each score were
the top differentially enriched genes (adjusted P< 0.05) after ranking by
combinedscore. These genes areindicated in Supplementary Table 2.
A similar approach was taken for computing previously published
stem cell signatures. The Wilson et al. MolO and suMo signatures” and
the Giladi etal. StemScore signatures™were used as described in their
respective publications. For the Pietras et al. HSC signature®, we used
thetop 1,000 genes withadjusted P<0.05. For the Cabezas-Wallscheid
etal.2014 (HSC)**and 2017 (dHSC)" signatures, we used all of the genes
with adjusted P<0.05 (273 and 787 genes, respectively). For the Laurid-
senetal. RA-CFPdim HSCs*, we used the genes with adjusted P<0.05.
Signature genelists from these publications are shownin Supplemen-
tary Table 2. For plotting these signature scores into single-cell maps,
cells were plotted ordered by signature score (highest score on top).

Secondary transplantation of barcoded HSCs

eGFP"immunophenotypic HSCs from barcoded primary transplants
(7,500 cells) were isolated by FACS in 2% FBS-supplemented PBS and
split randomly at equal proportions into two microcentrifuge tubes.
Cells from one tube were prepared and analysed using inDrop as previ-
ously indicated. The HSCs from the remaining tube were spun down,
resuspendedin300 pl PBS and injected retro-orbitally into two lethally


https://benchling.com/s/seq-F1D5aW7t9lBn3q8oywBg

irradiated CD45.1 BL6 mice (secondary recipients). Secondary recipi-
ents were analysed (100 pl retro-orbital blood) to verify engraftment
after2and 4 months. After 4 months, secondary recipients were eutha-
nized and all LT-HSCs were purified similar to the primary transplants
and analysed by inDrop independently. For each recipient, a fraction
ofthe cKit" progenitors was also analysed by inDrop to determine the
contribution of clones to differentiated blood lineages. The pipeline to
analyse secondary transplant data is available at https://github.com/
AllonKleinLab/StemCellTransplantationModel and a more extensive
description of mathematical methods and results can be found in
Supplementary Methods.

CROP-seq CRISPR screening

To select the candidate genes, we ranked all genes expressed by
low-output HSC clones, excluded those that were not specific to the
LT-HSC compartment, and then further excluded most genes previ-
ously described to have a role in HSC maintenance, to focus on novel
discoveries (Supplementary Table 4). This selection allowed us to
focus on discovering new candidates of steady-state stem cell qui-
escence. We included two genes, which have been described to have
an HSC activation (loss of quiescence) phenotype upon knockout
(Ptger4 and Tsc22d1), as putative positive controls. The final sgRNA
library (carrying three sgRNAs per each candidate, and five control
sgRNAs; Supplementary Table 5) was cloned into a custom-made
CROP-seq-mNeonGreen vector using the published protocolin http://
crop-seq.computational-epigenetics.org.

We isolated TetO-Cas9;M2rtTA LT-HSCs and transduced them with
the library (MOI = 0.3) for 8 h. We then transplanted the cells into six
separate recipients (in two independent experiments), waited until
steady-state reconstitution (16 weeks) and added Dox in drinking water
forup to2 months. We analysed the blood of recipients before and after
Dox addition, and sort-purified different bone marrow populations
for deep sgRNA sequencing at the end point. Finally, we used inDrop
to encapsulate all of the available LT-HSCs (18,630 cells) and a fraction
of the remaining cKit" cells (22,426 cells) to sample different progeni-
tors. To sequence the sgRNAs, we followed the published protocolin
Datlinger et al.*, adapting it to inDrop sequencing primers by adding
theinDrop adapters for inDrop multiplexing and mixing, as performed
forthe LARRY barcode, and modifying the LARRY barcode calling pipe-
line. Crop-seq sgRNA bulk sequencing from DNA was also performed
asindicatedin Datlinger etal.**, using up to 10 ng of DNA purified from
sortedimmunophenotypic gates, or 10 ng of lentiviral plasmid library
maxiprep. Libraries were indexed using TruSeq Illumina primers and
sequenced on lllumina NextSeq 500. Sequences were demultiplexed
and aligned to acustom bowtie index containing the sgRNA sequences
for the whole library. Reads were then mapped using bowtie, sorted,
counted and normalized to 1,000,000 counts per index. Bulk sgRNA
sequence enrichment was performed using MAGeCK".

Statistical methods

Statistical analysis tests, parameters and results are described ineach
corresponding figure, with detailsin specific sections of the Methods,
asindicated. The description of statistical and mathematical meth-
ods for data analysis of secondary transplantations is included in the
Supplementary Information (Supplementary Methods).

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

Data availability

Raw data and counts matrices are available at the GEO (GSE134242).
The LARRY barcoding tool is available at Addgene (no. 140024).

Data analyses are available at the following links: http://github.com/
rodriguez-fraticelli/Tcf15_HSCs and https://github.com/AllonKlein-
Lab/StemCellTransplantationModel. Source data are provided with
this paper.

Code availability

Code, processed dataand analyses are available at http://github.com/
rodriguez-fraticelli/Tcf15_HSCs and https://github.com/AllonKleinLab/
StemCellTransplantationModel.
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Extended DataFig.1|Controls and validation of the approach.

a, Comparison of peripheralblood engraftment for barcode-expressing cells
(EGFP+) intworepresentative experiments. b, Merged cluster labelling of the
dataset, indicating the localization of HSCs (pink) and Progenitors (grey) inthe
single cellmap plotted using SPRING. ¢, Merged cluster labelling, indicating
thelocalization of Erythroid (Ery), Basophil (Ba), Dendritic cell (preDC),
Granulocyte-Monocyte (GM), B-cell (preB) and Megakaryocyte (Mk)
progenitors.d, Cluster distribution comparison of barcoded (blue) and
non-barcoded (red) cells. Mean ts.d. % of cells assigned to each cluster (n=2
independent experiments). e, Barcode library diversity estimation, showing
cumulative barcode frequency at different barcode abundances (binned). 96%
ofthelibraryisrepresented by barcodes with afreq<0.0000L1.f, Barcode
library diversity estimation, showing the barcode overlap between
independent experiments. Average overlapis1.3%. g, Barcodesilencing
estimation, showing the % of barcodes detected in the genomic DNA of
EGFP-negative cells by quantitative PCR. A calibration curve using sorted
numbers of EGFP-positive cellsis showninblue. Mean+s.d.of n=3
independentanimals are shown. Lines represent linear regression from the
data. h, Differencesinbarcode detection efficiency. The histogram represents
the proportionofbarcoded cellsineach population as detected by scRNaseq

(HSCs, MPP,Mk, GM, Ery, Ba, preDC and preB). Data shown are mean £ s.d. from
3independentexperiments. The dataare shown normalized by the proportion
ofbarcoded HSCs (72.3% + 5.5%). The mean efficiency drops for the preDC and
preB populations, butitis notsignificant (paired two-sided t-tests, P=0.07,
P=0.17).i,Mean ts.d. % of shared DNaseq reads and scRNaseq cellsacross
barcodesinprogenitors (n=3independent experiments). j, Distribution of
progeny frequencies for all clones (quantified by scRNaseq), and labelled
accordingtotheir presence or absence in DNaseq barcodes. Box plot shows
medianandinterquartile range. Error bars are min/max values. *** P<0.01
two-sided t-test (Ngegected = 137, Nporgeteciea = 30)- K, Distribution of progeny
frequencies for all barcodes (quantified by DNaseq), and labelled according to
their presence orabsenceinscRNaseq-recovered barcodes. Box plot shows
medianandinterquartilerange. Error bars are min/max values. ***P<0.01
two-sided t-test (Nyegected = 127, Npor.detectea = 286). 1, Correlation of DNaseq and
RNA-seqbarcode frequencies (n=429). Pearson correlation (r) isshown. Line
represents simplelinear regression of the data. Apseudocount of 0.0001is
used for plotting clones undetected in either set.m, Correlation of DNaseq and
RNA-seq measurements of HSC output activity for allHSC clones (n=136).
Pearson correlation (r) isshown. Linerepresents simple linear regression of the
data. Apseudocount of 0.01is used to plot clones with output=0.



a detected in HSC b 19 c 100—
= not detected in HSC
)
_ e 0.1 > 10
100 T T % =
9} ° o ©
& 0.01- < 1
S <3 & °
> 504 c =] ©
o 0.001- o o4d ol ®
é—_ (<)
0.0001 0.01
0- 00001 0001 001 0.1 1 0.001 0.01 o4 y
& N HSC frequency HSC frequency
< S
O
) f
Low-output Mk 34.7% | |High-output : Mk\::&e%
HSC: 61.4% ~ P HSC: 36.9% 6;' Output activity
. 0.6+
-y Pl o’ 3 d e -
/ 3 - 84.69 S 0.4 o
Ery: 10.8% tooTA Lyi148% | | Ery:88.4% Ly: 84.6% 5 ; -
.;‘. . . p g 0.2 o ©®
Y . ’ s | A 8 . o
/ '.‘ ¢ 2.0 g 0.04 R T
Neu: 14.1% % Neu: 85.3% D g - o = >
0.0 0o o co
Population: % of cells belonging to behaviour class d‘: 0.2 % Rk _.. .:. o o
e 2 5 o ® ° °
Mulilin 4 Mc441% | [Mk-bias >1 M 31 4% (o4 I Ut s e s e St s
¥ D ,\,Z;o QQ 0@ .\<\\%0 \Oéo rQc,- 6‘0 N
1 » 4 C)‘Q{S’V\q,oQb @°@°§‘g°\§\\§q
HSC: 34.2% o HSC: 58.3% §>1; E NI PR K ol (Pl el NP
N HSC: 34.6% (>4) ¥ S L Y o P A2 S
. 2 P XY ARSI
. - ., MO @S ? N $0,§> O g7
e R W A / V'{“.g.‘;ﬁ»'ge va.,-, B &\Q?Q.Odbo‘?l C'}Q;\\e QQ&Q)
ok ¥ gl e
- JETHE Uys0.9% By’ 30.5% (1) > L 17.9% ¢11) Q€ N €
% D% = 7Y " .07 . - 2.59 4
i Ery: 6.2% (>4) A Ly25%ee
L WY ..~ |Bi S
,% Y. oL 25 ignatures
) e Neu: 30.1% (>1) &2 D
Neu: 69.3% Ned: 8% (-4 0.0

Population: % of cells belonging to behaviour class

Extended DataFig.2|Description of HSC heterogeneity accordingto their
outputactivity and clonesize. a, Histogram showing % of cells (right) and % of
clones (left) in progenitors that are not detected in HSCs (n =3 independent
experiments). Whereas some clones are not detected in HSCs (orange bar, left),
theseare typically single cell clones and minimally contribute to progenitor
cellularity (orange bar, right). pgjones = 0.022 and p¢s < 0.001. Holm-Sidak
multiple-test corrected t-test. b, Scatter plot showing correlation between HSC
clonesize, h; (expressed as fraction of total HSCs in each experiment), and
clonal output activity, k; (fraction of total progenitors), for each detected clone
(dataare pooled from Smice). Pearson correlationr=0.59 (n=226 clones, from
all3independent experiments). A pseudocount of 0.0001is used for progeny
frequency to display the zeros (clones with no output). ¢, Scatter plot showing
HSCclonesizes and their range of differentiated outputactivity. Pearson
correlationr=-0.097 (slope non-significantly different than zero, P= 0.1449,
n=226clones). A pseudocount of 0.01is used for outputactivity to display
clones for which progeny is not detected. Thebinned average and range are

showninblue (HSC frequency bins are [0.0001-0.005],n=127,[0.005-0.01],
n=33,[0.01-0.05],n=52[0.05-1], n=14).d, Single cell maps showing the clonal
HSCoutputactivity values for each single cell. Low-output clones are shown on
theleftand high-output clones are shownontheright. For each population
(HSCs, MK, Ery, Ly and Neu), the percentage of cells that belongs to clones of the
indicated behaviour classis shown. Scale range, O (red) to 2 or more (blue).
Plotted single cells are randomly subsampled (n=2000) without replacement.
e, Single cellmaps showing the clonal HSC Mk-bias values for each single cell.
Non-biased multilineage clones are shown on the left and Mk-biased (bias >1)
clonesare shownontheright. Foreach population (HSCs, Mk, Ery, Ly and Neu),
the percentage of cells that belongs to clones of the indicated behaviour class
isshown.Scalerange, O (green) to 2.5 or more (pink). Plotted single cells are
randomly subsampled (n=2000) without replacement. f, Pearson correlation
betweenthe outputactivity and the average signature score of each clone, for
different computed signatures asinFig.1. Black barsindicate mean of 3
independent experiments.
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Extended DataFig. 3 | Description of HSCsubclusters. a, SPRING plot
showing the localization of the four reproducible HSC subclusters, HSC1-4. The
plotisrepresentative of one of three experiments with similar results.

b, Marker gene expression for HSC subclusters. ¢, Violin plots showing the
values for outputactivity, Mk-bias, and the scores of different HSC behaviour
signatures. Violin plots show all the data (min-to-max) and are representative
fromoneof3independent experiments (nysc; =2206, Ny, =577, Nysc3 = 1794,
Nyscs = 649). DPA results (P-values) are indicated for each HSC cluster in order

fromHSC1to HSC4. Low-output: 0.0023,0.0051,<0.0001, 0.0114.
High-output:<0.0001, 0.3883,<0.0001, 0.0006. Mk-bias: 0.0002, 0.0172,
0.0516,0.0182. Multilineage: 0.2257,0.0763, 0.4374,0.1977.d, SPRING plot
showingdistribution of native LT-HSCs (n=1) mapped by approximate nearest
neighbours (see Methods). e, Cluster distribution of native LT-HSCs (blue dots)
compared to transplant HSCs (black dots). Mean +S.D., n=3. Chi-square test
(transplantHSCs vs. native LT-HSCs), P, =10°%, P, = 0.0007, P,, ;= 0.0483.
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Extended DataFig. 4 |Additional datafor validation of the null-equipotent
HSCmodel. a, Scatter plot showing the Pearson correlation between
expansion of HSC clonesin each secondary recipient (R1and R2, n=133 clones).
b, Scatter plot showing the Pearson correlation between HSC clone size in
primary and secondary recipients (n =485 clones). Thegrey dots are clones
only detectedin either primary orsecondary recipients, using pseudocount of
0.1toplotinlogarithmicscale. ¢, Histogram depicting the values for clone size
correlations between the designated populations. The experimental dataare
showninblue, and the data (range) from the null equipotent model is shownin
pink (10).d, Scatter plot of relative HSC output activity in the primary
transplant (1T output) vs. clone expansioninsecondary recipients 2T
expansion). Clonal expansion (2T/1T clone size) is used, instead of absolute
clonesize, to account for the effect of 1T clone size on the estimation of

engraftment capacity. To avoid numerical divergence, pseudocount=1is
added before taking the ratio. High-output clones are top 40% clones ranked by
their 1T activities, and the remaining 60% are classified as low-output clones.
Redtriangles show the mean+s.d.2T expansion for each category (n =485
clones, combined from bothrecipients). e, Scatter plot showing relative 1T
outputactivity across differentlineages for all 1T clones and secondary
engrafting clones (R1and R2shown separately). Bar indicates mean output
value.f, Fold-changein the HSC cluster distribution showing the enrichment of
secondary transplantation capacity in HSC-1/2/3/4 subclusters. Bars indicate
mean*s.d. (n=2).Chi-squaretest P=0.009 (observed vs.expected
distribution). See data availability statement for source data of secondary
transplantation assays.
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Extended DataFig. 5| Comparison of LT-HSC signatures. a, Single cell plots
oftransplanted and barcoded HSCs showing the scores of previously published
HSCsignatures. Pietras et al. 2014 HSC signature is derived from comparison of
FIt3-CD48-CD150+LSKs (HSCs) versus all other progenitor populations.
Lauridsenetal.2019 dormant HSC (dHSC) signatureis derived from
comparison of RA-CFPdim HSCs, which are enriched in quiescent HSCs, versus
RA-CFPpositive HSCs, which are enriched in cycling HSCs. Giladi et al. 2018
StemScoreis derived fromsingle cell data analysis of genes correlating with Hif
expressioninnaive HSCs. Wilson et al. 2015 MolO signature is derived from
single cell expression data of index-sorted LT-HSCs. Cabezas-Wallscheid et al.

Signatures

2017 label-retaining HSC signatureis derived all HSC genes significantly
upregulated in H2B-GFP" label-retaining HSCs, compared to H2B-GFP"".

b, Single cell plot showing the 2T-engrafting signature score, derived from the
comparison of serially repopulating HSC clones and non-serially repopulating
clones (Fig.2). ¢, Pearson correlation between the 2T-engraftment long-term
repopulating signature score and theindicated HSC signature scores.
Low-output, high-output, Mk-biased and Multilineage signature scores are
derived from the analyses showninFig.1. Black barsindicate mean of 3
independent experiments.
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Extended DataFig. 6 | TcfISexpressionisrestricted to HSCs, and itis
highestin the low-outputclones. a, Localization of expression of T¢f15along
thesingle cell manifold using SPRING. Major cluster groups are labelled. The
plotshows cells from one of 3 experiments with similar results (n=16976 cells).
b, Localization of expression of Tcf15 along the single cell manifold in the Dahlin
etal.2018 dataset using Scanpy (n=44802 cells pooled from 6 animals). Major
cluster groupsarelabelled. ¢, Localization of Tcf15 expression along the bone
marrow FACS-pure populationsin Gene Expression Commons. d, Expression
levels of Tcf15in the different HSC subclusters. Violin plots show all the data
(min-to-max). The scale (width) of the violin plotis adjusted to show the same total
areafor each subcluster (nsc; =10815, Ny, =2265, N3 =2867, Nyygc, = 900).
Tcf15expressionscaleislog (normalized UMI). DPA results (P-values) testing
enrichment of Tcf15hi (>5 UMI) cells across each HSC cluster are, in order, from
cluster HSC1to HSC4:<0.0001, 0.4843,<0.0001,0.0009. *indicates
enrichmentin HSCI. e, Selected genes enriched in Tcf15" HSCs and Tcf15"
HSCs.f, Single cell plot of the Tcf15" signature score, using genes enriched in
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Tcf15-expressingcells (z-score >0.3). g, Pearson correlation between the
Tcf15" signature score and the indicated HSC signature scores. Bars indicate
average of n=3independent experiments. Low-output, high-output,
Mk-biased and Multilineage signature scores are derived from the analyses
showninFig.1.h, SPRING plots showing distribution of T¢f15" HSC clones and
their progeny (purple) compared to the rest of HSCs (light grey) in primary
transplants. Major cluster groups are labelled. Cellsshown are froma
representative experiment of 3independent experiments with similar results
(n=16976 cells). i, Violin plot showing the average distribution of Tcf15
expression levels in low-output (n=123) versus high-output (n=101) HSC
clones taken from 3independent experiments with similar results. Violin plot
shows all data, withmedian (dashed line) and quartiles (dotted lines). *P=0.0165
(two-sided unpaired t-test).j, Violin plot showing the distribution of relative
outputactivity in Tcf15" (n=95) versus Tcf15"8 (n=129) HSC clones. Violin
plotshows all data, with median (dashed line) and quartiles (dotted lines).
*P=0.0015 (two-sided unpaired t-test).
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Extended DataFig.7 | Additional measurements on Tcf15 requirement for
HSC quiescence. a, Volcano-plot showing the multiple comparison-corrected
(Bonferroni) unique t-test for eachgene inarepresentative population
(LSK'CD41, Myeloid progenitors). Two-sided test, n= 6 independent mice.

b, SPRING plot localization of sgControl vs. sgTcf15 cells using inDrop. Identified
branchesare labelled by marker gene expression. Plotis representative from
oneofn=2independentsingle-cell experiments (each experiment from 3 mice
combined). ¢, Quantification of peripheral blood engraftment as %EGFP+ cells
(of allCD45.2+), comparing sgControl (blue) and sgTcf15 (red) donor cells.
*P=0.0017 (two-sided unpaired t-test, Nyyconro =4 and N5 =5animals). Lines
indicate mean per group. d, FACS plots showing Lin- cKit-enriched bone
marrow staining for LSKs in primary recipients. Only EGFP+cells are shownin
theplots. Plots are taken from representative one animal per group fromn=3
experiments. e, Quantification of bone-marrow engraftment as Mean ts.d.
%EGFP+ cells (of allbone marrow) in each designated compartment.
*significant discoveries. P 1.5 <0.0001, Pypp; = 0.0237, Pypp, = 0.1427,
Puppza=0.5190, Pyyp = 0.1206, Py = 0.5190, Py = 0.0002, P, < 0.0001
(two-sided Holm-Sidak multiple-corrected t-test, n=3).f, Phenotype
quantificationas Mean s.d. % of donor LSKs in primary recipients
correspondingtoeachSLAM gate (LT-HSC, MPP1, MPP2, MPP3/4). *significant
P-value Py 145 <0.0001, Pypp; = 0.0001, Pypp, = 0.7152, Pyypps = 0.0428 (two-sided
Holm-Sidak multiple-corrected t-test, n=3). g, FACS scatter plots of sgControl
and sgTcf15 EGFP+LSKs, stained with DAPland Ki-67 to evaluate cell cycle
status. Plots are taken from representative one animal per group taken from 3
independent experiments.
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Extended DataFig. 8| Additional data on Tcf15 sufficiency for HSC
quiescence. a, Micrographs of liquid cultures of control TetO-Tcf15 cells.
LT-HSCs (1000 cells) from M2rtTA mice were transduced with GFP-carrying
lentiviral vectors expressing either acontrol sgRNA or TetO-Tcf15. Cells were
sorted immediately into 1 pg/mlDox-supplemented STEMspan +SCF/FIt3L/
TPOand cultured for 7 days. Images are representative of 5independent
experiments with similar results. b, Quantification of liquid culture cellularity
by measuring the area of the liquid colonies from 5Sindependent experiments.
Mean = s.d.isindicated. Control HSC cultures are showninblack, and
TetO-Tcf15HSC cultures areshowningreen. *P<0.0001 (unpaired two-sided
t-test).c, Experimental setup to evaluate the effect of Tcf15 overexpression.
d, Quantification of TetO-Tcf15 EGFP+ cellsin peripheral blood. Time-point O
reflects thelentiviral transduction efficiency evaluated from aremainder of
non-transplanted cultured HSCs. Untreated (Dox-) controls (n=5) were
compared with Dox-treated (Dox+) mice (n=>5).Line represents mean. Arrow
indicates time point of Dox addition in the Dox-treated mice. *** Two-way
ANOVA test (genotype x time-factor) P=0.0127. e, FACS contour plots of
Dox-treated TetO-Tcf15 bone marrow cells at 16 wk. Left panels show Lin- EGFP-
control cells. Right panels show Lin- EGFP+ TetO-Tcf15 cells. Plots are
representative from 3 independent experiments. f, Fraction of TetO-Tcf15
EGFP+cellsin different bone marrow populations at 16wk (np,. =5, Npey. =3).
Mean ts.d. *two-sided unpaired t-test. P-values are P 1,5 = 0.0144,

time (months)

Pyy,p=0.0010, P =0.0091, P,z =0.0032.g, Quantification of % of all Lin-
EGFP+cells that belong to the LT-HSC or MPP1(ST-HSC) fraction (np,. =5,

Npoy: =3). Mean +s.d. *two-sided unpaired Holm-Sidak-corrected multiple
comparisons t-test. P-values are P 1 ;5c=0.0062, and Pypp; = 0.0157.

h, Quantification of LT-HSC, MPP1, MPP2 and MPP3/4 as % of all donor LSK,
comparing EGFP+ (treated and untreated) and EGFP- cells (np,y,. = 5, Npoy: = 3).
Mean ts.d. *two-sided unpaired Holm-Sidak-corrected multiple comparisons
t-test. P-valuesare P15 =0.0042, and Pypp5., = 0.0001. i, Quantification of cell
cycle phase (GO, G1, G2/M) in LT-HSCs, comparing donor EGFP+ (Dox-treated
and untreated) and EGFP- cells (np,,. =5, Npoy =3). Mean £ s.d. *two-sided
unpaired Holm-Sidak-corrected multiple comparisons t-test, Pg, = 0.0148,
P¢;=0.1127, Py = 0.4815. j, Competitive secondary transplantation of cKit
cellsderived from Dox-supplemented TetO-Tcf15 mice. EGFP+ cKit+cells were
FACS-purified from Dox-treated primary recipients from experimentin
Extended DataFig. 8c. These cells were transplanted competitively against the
same number of cKit cellsisolated from a CD45.2+wild-type donor (same gate),
withanadditional 250,000 of CD45.1nucleated whole bone marrow cells
(WBM).k, Quantification of EGFP+ CD45.2+secondary engraftment showing
higher repopulation from TetO-Tcf15 cKit+ cells (EGFP positive), which
outcompete WT cKit+ cells (EGFP negative). Line represents mean (n=4
independent experiments). One-way t-test (vs. null hypothesis of 50%
engraftment) P=10722,
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Extended DataFig. 9|See next page for caption.



Extended DataFig.9|Additional dataonthe Tcf15-Venus knock-in mouse
model. a, T¢f15-Venus knock-in mouse allele. The open-reading frame of
monomeric Venus fluorescent proteinis knocked-inreplacing the start codon
inthe first exon of the T¢f151ocus. b, FACS plot of T¢f15-Venus knock-in mouse
reporter bone marrow, stained with Lineage markers. Bone marrow froma
wild-type BL/6) mouse is used as anegative control. The YFP channel was used
todetectexpression of Venus fluorescent protein. Plots are representative of 3
independent experiments with similar results. ¢, Quantification of %Venus+
cellsinLin-vs. Lin+ bone marrow, comparing Tcf15-Venusreporter and negative
control mice (n=3).Mean ts.d. ***Holm-Sidak-corrected multiple comparison
two-sided t-test P=0.0243.d, Quantification of %Venus+ cellsin Lin-Scal+cKit+
(LSK), Lin-Scal-cKit+ (MyP) and Lin-Scal-cKit- (Kit-). Mean + s.d. ***unpaired
two-sided t-test, P=0.0021 (n=3). e, Quantification of distribution of Lin’
Venus® cells from Tcf15-Venusknock-inreporter bone marrow (measured as %
LiveLin).BL/6) bone marrow cells are shown for comparison, as negative
controls.Mean +s.d. (n=3).f, FACS plot of T¢cf15-Venusknock-in reporter LSK
cells, stained for LSK SLAM markers to show YFP (Venus) expressionin different
SLAM compartments. BL/6) bone marrow LSK cells are used as anegative
control. Plots shownare representative of 3independent experiments with
similar results. g, Donor engraftmentin primary competitive transplantation,
measured as % of peripheral blood CD45.2" leukocytes. Barsindicate

mean +s.d. (n=4). h,Engraftmentinbone marrow, measured as total CD45.2"
cellsat3-4 months post transplantation. Mean £ s.d. (n=4). *Holm-Sidak-
corrected multiple comparison unpaired two-sided t-test, P=0.0223.

i, Automated peripheral blood counts of mice reconstituted with Venus+or
Venus- HSCs. The scaleis shared for all measurements, but the units are

indicated for each population after the labels. *Holm-Sidak-corrected multiple
comparisontwo-sided t-test Py =0.0006, P,y =0.0056.j, FACS plots showing
bone marrow Lin" analysis of primary recipients transplanted with Venus*
HSCs. Left panels show cKit vs. Scal staining of all cKit" cells. Right panel shows
SLAM (CD48, CD150) staining of LSK cells. Plots shown are representative of 3
independent experiments with similar results. k, FACS plots showing bone
marrow Lin analysis of primary recipients transplanted with Venus HSCs. Left
panels show cKitvs. Scal staining of all cKit" cells. Right panel shows SLAM
(CD48,CD150) staining of LSK cells. Plots shown are representative of 3
independent experiments with similar results. 1, Quantification of % of bone
marrow myeloid (GM, Gr-1%), lymphoid (B, CD19") and erythroid (Ery, Ter119%)
cellsfromVenus'vs. Venus primary recipients. Mean * s.d. (n=3). *Holm-Sidak
corrected multiple comparison two-sided t-test. P, =0.0002, P;,, = 0.0166,
Pgw=0.0125.m, Quantification of FACS gate in (J, left panels) showing % of all
cKitcellsthatare LSK.Mean s.d. (n=3).**unpaired two-sided t-test.

Py =0.0054.n, Quantification of % of donor-derived LSK cells belonging to each
SLAM population. Mean ts.d. (n=3). *Holm-Sidak corrected multiple
comparison two-sided t-test. Py1sc = 0.0010, Pypp, = 0.0806, Pyypp, = 0.6026,
Pupps.4 <0.0001. 0, Quantification of % Venus+ cellsin each CD45.2* LSK SLAM
subpopulation, comparing recipients transplanted with100 Venus®vs. Venus’
HSCs.Mean +s.d. (n=3).*Holm-Sidak corrected multiple comparison two-
sided t-test. Pyrsc <0.0001, Pypp; = 0.0002, Pyppy = 0.8157, Pyypps.o = 0.8820.
p,Donor engraftmentinsecondary competitive transplantation, measured as
% of peripheralblood CD45.2" granulocytes. Mean +s.d. (Nyenus: =4, Nyenus. = 5)-
Line connects the means at each time point. ***paired two-sided t-test
P<0.0001.
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Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.
n/a | Confirmed

E The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

E A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
N Only common tests should be described solely by name; describe more complex techniques in the Methods section.

E A description of all covariates tested
E A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
“~' AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

N4 For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
N Give P values as exact values whenever suitable.

D For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes
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Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection Single cell MRNAseq and DNAseq libraries were performed with inDrops (v3) as per the guidelines of the Harvard Medical School Single
Cell Core. Libraries were sequenced at Harvard Biopolymers facility, using lllumina NextSeq500, and requesting BCL files. BCL files were
processed with Illumina Bcl2fastq (v2.20) to generate the R1-R2-R3-R4 files that are required for the inDrops pipeline. FACS data was
collected using BD FACS software (FACSDiva v8), and analyzed using FlowJo v10.

Data analysis Single cell RNAseq analysis used github.com/indrops (v0.3) and github.com/AllonKleinLab/LARRY (v0.1). For analysis and visualization, we
used SPRING: github.com/AllonKleinLab/SPRING_dev (v1.6) and Scanpy: github.com/theislab/scanpy (v1.4.6). For inspecting cell
doublets , we used SCRUBLET: github.com/AllonKleinLab/Scrublet (vO.1). For single cell CROP-seq experiments, the LARRY script was
minimally modified to search for CROPseq sgRNA scaffold sequences, instead of lentiviral LARRY barcodes. For analysis of DNAseq of
CROP-seq experiments, reads were mapped using bowtie (v1.2) to a simple bowtie index built from the sgRNA sequences of the CROP-
seq library.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors/reviewers.
We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.

Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:
- Accession codes, unique identifiers, or web links for publicly available datasets
- Alist of figures that have associated raw data
- A description of any restrictions on data availability

Data and analyses are available at the following links: http://github.com/rodriguez-fraticelli/Tcf15_HSCs and https://github.com/AllonKleinLab/
StemCellTransplantationModel. Raw data and counts matrices are available at GEO (GSE134242). Source Data behind Figures 1-4 and Extended Data Figures 1-9 are
available within the manuscript files.
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The LARRY barcoding tool is available at Addgene (#140024).
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Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size The number of samples collected was estimated by prior studies using lentiviral barcoding (see references), but this number was not
statistically predefined or optimized. We sought to collect enough samples (clones), in order to have enough cells of different categories to
allow further analysis of differential gene expression.

Data exclusions  No data was excluded.

Replication The number of replicates is indicated in each experiment. Experiments were succesfully and independently replicated at least 3 times, and
usually more than 4 times, with similar results, as indicated in each figure. Single cell mRNAseq experiments (with the exception of TetO-
Tcf15) were replicated at least 2 times, with similar results. The most important conclusions of single cell experiments were all validated by
flow-cytometry.

Randomization  Inall cases, donors and recipients of the transplants were randomly selected from pools of untagged littermates.

Blinding Blinding was not required in most experiments. Computational analysis required proper identification of clone sources, and this was not
suitable for blinding. For animal analyses, samples were required to be collected, labeled and analyzed by the same authorized researchers,
complicating blinding study design without bias. Blinding was used only in primary and secondary transplantation of Tcf15-sgRNA and Tcf15-
Venus+/- HSCs, to avoid biases during transplantation procedures. This was performed by labeling each sample with a number after cell
sorting, covering the number with tape, and then picking tubes randomly before injection. After injection, animal cages were then labeled
with the correct genotype.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.
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Antibodies

Antibodies used See Supplementary Table 13 - antibodies.

Antibody / Clone / Manufacturer / Concentration / Catalog / Validation

Ly6G APC-eFluor780 1A8 eBioscience 1:50 ThermoFisher Scientific #47-9668-82 Y
Ly6G Alexa Fluor 700 1A8 eBioscience 1:50 ThermoFisher Scientific #56-9668-82 Y
CD117 (cKit) FITC 2B8 eBioscience 1:100 ThermoFisher Scientific #11-1171-82 Y
CD117 (cKit) APC 2B8 eBioscience 1:100 ThermoFisher Scientific #17-1171-83 Y
CD117 (cKit) APC ACK2 Biolegend 1:100 Biolegend #135108 Y

CD117 (cKit) APC ACK2 eBioscience 1:100 ThermoFisher Scientific # 17-1172-82 Y
Lyb6a/e (Sca-1) PE D7 eBioscience 1:100 ThermoFisher Scientific # 12-5981-82 Y
Lyb6a/e (Sca-1) PE/Cy7 D7 eBioscience 1:100 ThermoFisher Scientific # 25-5981-82 Y
CD150 PE/Cy5 TC15-12F12.2 Biolegend 1:100 Biolegend #115912 Y

CD48 APC/Cy7 HM48-1 BD Biosciences 1:100 BD Biosciences #561242 Y

CD41 BV605 MWReg30 Biolegend 1:100 Biolegend #133921Y
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CD3e biotin 145-2C11 BD Biosciences 1:100 BD Biosciences #553060 Y

CD3 eFluor450 145-2C11 eBioscience 1:100 ThermoFisher Scientific #48-0031-82 Y
CD3e PE 145-2C11 eBioscience 1:100 ThermoFisher Scientific #12-0031-81 Y

CD19 biotin MB19-1 eBioscience 1:100 ThermoFisher Scientific #13-0191-82 Y
CD19 eFluor4a50 1D3 eBioscience 1:100 ThermoFisher Scientific #48-0193-80 Y
CD19 APC/Cy7 1D3 eBioscience 1:100 ThermoFisher Scientific #47-0193-82 Y

Gr1 biotin RB6-685 eBioscience 1:100 ThermoFisher Scientific #13-5931-82 Y

Grl eFluor450 RB6-685 eBioscience 1:100 ThermoFisher Scientific #48-5931-82 Y
Gr1 PE/Cy7 RB6-685 eBioscience 1:100 ThermoFisher Scientific #25-5931-82 Y

Gr1 PE/Cy5 RB6-685 eBioscience 1:100 ThermoFisher Scientific #15-5931-82 Y
CD11b (Mac1) biotin M1/70 eBioscience 1:100 ThermoFisher Scientific #13-0112-85 Y
CD11b (Mac1) eFluor450 M1/70 eBioscience 1:100 ThermoFisher Scientific #48-0112-82 Y
Ter119 biotin TER119 eBioscience 1:100 ThermoFisher Scientific #13-5921-82 Y
Ter119 eFluor450 TER119 eBioscience 1:100 ThermoFisher Scientific #48-5921-82 Y
Ter119 PE/Cy5 TER119 eBioscience 1:100 ThermoFisher Scientific #15-5921-82 Y
Streptavidin eFluor 450 - eBioscience 1:200 ThermoFisher Scientific #48-4317-82 Y
EPCR PE (Procr) RCR-16 Biolegend 1:50 Biolegend #141504 Y

Ki67 PE/Cy7 16A8 Biolegend 1:100 Biolegend #652426 Y

CD45.1 APC A20 Biolegend 1:100 Biolegend #110714 Y

CD45.1 PE A20 Biolegend 1:100 Biolegend #110708 Y

CD45.1 BV711 A20 Biolegend 1:100 Biolegend #110739 Y

CD45.2 APC 104 Biolegend 1:100 Biolegend#109814 Y

CD45.2 PE 104 Biolegend 1:100 Biolegend #109808 Y

CD45.2 BV605 104 Biolegend 1:100 Biolegend #109841 Y
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Validation Antibodies are all commercial monoclonal antibodies of well known clones, and specifically tested in flow-cytometry and cell
sorting. These commercial antibodies are widely described and reliably tested in the literature. Each antibody has also been
validated by the manufacturers for flow-cytometry, including antigen specificity.

Eukaryotic cell lines

Policy information about cell lines

Cell line source(s) 293T (ATCC CRL-3216) cells were used for lentiviral preparation
Authentication No authentication was performed on this line.
Mycoplasma contamination Cell lines were regularly (at least 1 every 6 months) tested for mycoplasma contamination by supernatant PCR. In all cases,

PCRs were negative.

Commonly misidentified lines 2937, These cell lines are only used for lentiviral packaging. No biological conclusions are derived from their observation in
(See ICLAC register) this study.

Animals and other organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals The TetO-Cas9/M2rtTA mice (c57BL/6 background) were a kind gift from Stuart Orkin (and are available from The Jackson
Laboratory strain #029476). The Tcf15-Venus (c57BL/6 background) mice were generated at the University of Edinburgh. All
other mice were BL/6J strain (Ly5.2 and Ly5.1) and obtained from The Jackson Laboratory. 8-10wk old females were used as
recipients for all experiments. 8-10wk old males and females were used indistinctly for all other experiments. All animal
procedures were approved by the Boston Children’s Hospital Institutional Animal Care and Use Committee.

Wild animals The study did not involve wild animals.
Field-collected samples The study did not involve field-collected samples.
Ethics oversight The protocol is approved by Boston Children's Hospital Institutional Animal Care and Use Committee, accredited by the AAALAC.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Flow Cytometry

Plots
Confirm that:

X] The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

X] The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).

X All plots are contour plots with outliers or pseudocolor plots.

X] A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation

Instrument

Software

Cell population abundance

Gating strategy

Whole bone marrow (WBM) was prepared by crushing, filtered using a 70 um mesh and centrifuged at 750g for 8 minutes. WBM
isolates were depleted of red blood cells using RBC-lysis buffer, and then samples were washed, filtered through a 40 um mesh
and centrifuged again at 750g for 7 minutes. Then, cells were either lineage-depleted or KIT-enriched using magnetic separation
columns (Miltenyi), and then stained with the indicated antibodies as per the instructions of the manufacturers. 1% Pen-Strep,
2% Fetal Bovine Serum-supplemented cold PBS was used for all isolation steps and incubations. Cells were resuspended in 1%
PS-2%FBS PBS with 1 ug/ml DAPI (dead-cell stain) before flow cytommetry. For sorting, cells were filtered again using a 40um-
filter-cap 5 ml tube before sorting, and then sorted into 1ml of 2%FBS-supplemented PBS in 1.5 ml centrifuge tubes.

BD Aria llu and BD Aria Fusion were used for fluorescence-activated cell sorting. BD LSRII and Fortessa were used for flow
cytommetry.

FACS data was collected using BD FACS software (FACSDiva), and analyzed using FlowJo v10.

Samples were sorted at 1500 events/sec with a 4-way purity mode, and using the 85um nozzle, achieving ~95% purity by FACS
analysis. Efficiency was typically 80-90%.

The following combinations of cell surface markers were used to define these cell populations: Erythroblasts: Ly6G- CD19-
Ter119+ FSChi, Granulocytes: Ly6G+ CD19- Ter119-, Monocytes: Ly6C+ Ly6G- CD19- Ter119-, pro/pre-B cells: Ly6G- CD19+,
Megakaryocyte progenitors: Lin- cKit+ Scal- CD150+ CD41+, LT-HSC: Lin- cKit+ Scal+ CD150+ CD48- MPP1/ST-HSC: Lin- cKit+
Scal+ CD150- CD48-, MPP2: Lin- cKit+ Scal+ CD150+ CD48+, MPP3/4: Lin- cKit+ Scal+ CD150- CD48+.

X] Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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