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Invivo screening characterizes chromatin
factor functions during normaland
malignant hematopoiesis
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Cellular differentiation requires extensive alterations in chromatin structure
and function, whichis elicited by the coordinated action of chromatin

and transcription factors. By contrast with transcription factors, the

roles of chromatin factors in differentiation have not been systematically
characterized. Here, we combine bulk ex vivo and single-cell in vivo CRISPR
screensto characterize the role of chromatin factor families in hematopoiesis.
We uncover marked lineage specificities for 142 chromatin factors, revealing
functional diversity among related chromatin factors (i.e. barrier-to-
autointegration factor subcomplexes) as well as shared roles for unrelated
repressive complexes that restrain excessive myeloid differentiation.

Using epigenetic profiling, we identify functional interactions between
lineage-determining transcription factors and several chromatin factors
that explain their lineage dependencies. Studying chromatin factor functions
inleukemia, we show that leukemia cells engage homeostatic chromatin
factor functions to block differentiation, generating specific chromatin
factor-transcription factor interactions that might be therapeutically
targeted. Together, our work elucidates the lineage-determining properties
of chromatin factors across normal and malignant hematopoiesis.

Cell fate decisions are governed by the coordinated activities of tran-  transcription factor binding and its relationship to chromatin acces-
scription factors and chromatin factors, which together form gene  sibility and gene expression, obtained from epigenomic and tran-
regulatory complexes (GRCs), to orchestrate tissue-specific gene scriptomic analyses across multiple developmental processes, have
expression and cellular phenotypes’. The widescale description of  provided us with a highly developed understanding of the instructional
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role for transcription factors in governing cell fates>>. Conversely,
although the role of individual chromatin factors, particularly those
mutated across malignancies*, are being elucidated, we still lack a
global understanding of chromatin factor functions in cellular dif-
ferentiation. Specifically, whether chromatin factors have specific or
redundantroles during lineage differentiation, the identity of specific
transcription factor-chromatin factor interactions and the molecular
mechanismsthat governtheseinteractions are unresolved questions.

We have chosen to address these fundamental questionsin the
exemplar process of hematopoiesis, where multiple mature cells
with diverse, specific functions derive from a single self-renewing
cell type, the hematopoietic stem cell (HSC)’. The study of hemat-
opoiesis benefits from a comprehensive cellular blueprint?, which
describes normal differentiation and malignant transformation,
and a well-annotated molecular blueprint®™*, including detailed
single-cell transcriptional landscapes and comprehensive maps of
transcription factor activity derived from epigenomic and in vivo
loss-of-function (LOF) studies across hematopoietic lineages® ™. In
addition, theimportance of both chromatin factors and transcription
factors in hematopoietic differentiation has been further empha-
sized by recent studies, which have documented mutations that alter
the function of transcription factors and chromatin factors to be
highly recurrent and almost uniformin hematological malignancies
such as acute myeloid leukemia (AML)".

Given our increasing ability to manipulate the dynamic epige-
nome", understanding chromatin regulation in normal and malig-
nant hematopoiesis is key for harnessing regenerative therapeutics
to restore damaged bone marrow function and in the treatment of
hematological malignancies. However, many unanswered fundamental
questions remain, including: What are the key interacting components
(chromatin factors and transcription factors) of the GRCs that orches-
trate lineage differentiation? Does their composition change during
differentiation? Do chromatin factors have specificity for lineage
determination and, if so, is this dependent on transcription factor
recruitment to target loci? What cross talk occurs within the compo-
nents of individual GRCs or between different GRCs? Which of these
mechanisms are corrupted in leukemia and does this drive the induc-
tion or maintenance of the disease? In this study, we sought to answer
many of these fundamental questions, combining comprehensive
CRISPR-mediated knockout of multiple chromatin factors ex vivo and
invivo, with functional, epigenetic and transcriptional studies at both
bulk and single-cell resolution.

Results

Functional screens of chromatin factors in hematopoiesis

To interrogate the roles of chromatin factors in regulating normal
hematopoiesis, we developed four screening platforms coupling
cytokine-instructed differentiation of primary hematopoietic pro-
genitors collected from mice, with fluorescence-activated cell sort-
ing (FACS) readouts to study key lineage transitions (Fig. 1a,b): (1)
self-renewal versus differentiation; (2) branching between myeloid
and mega-erythroid lineages; (3) myeloid differentiation of multipo-
tent progenitors; and (4) myeloid differentiation of myeloid-primed
granulocyte-macrophage progenitors (GMPs). Cross-referencing the

single-cell RNA sequencing (scRNA-seq)-derived expression profiles
of eachreadout population to existing hematopoietic expression, we
demonstrated fidelity with their in vivo counterparts (Extended Data
Fig.1a,b). Next, we generated a CRISPR library targeting 680 genes,
including the vast majority of chromatin factors expressed by myeloid
and mega-erythroid lineages (Supplementary Tables1and 2). We then
delivered our library to both Cas9 (green fluorescent protein (GFP)*)
and non-Cas9 (GFP") progenitors ex vivo, cocultured them through-
out our in vitro differentiation conditions, sorted ‘readout’ popula-
tions based on surface markers and quantified their single-guide RNA
(sgRNA) distributions. Next, we calculated a lineage score for each chro-
matin factor by analyzing the differences in sgRNA content between
populations, using the non-Cas9 distributions as a background. This
analysis identified 142 chromatin factors with significant lineage scores
in any of the four lineage transitions (Fig. 1c,d and Extended Data
Fig.1le).Finally, replicate screens for the strongest 200 chromatin fac-
tors demonstrated high correlation between replicates, indicating
reproducible methodology (Extended Data Fig. 1d).

Examination of the lineage scores revealed a high degree of pheno-
copy among factors belonging to the same complex, but also antago-
nistic behavior for specific chromatin factor families (Fig. 1c,d and
Extended Data Fig. 1e). For instance, several members of the cohesin
and mediator complexes (Stag2, Med20) were required to elicit dif-
ferentiation toward myeloid or mega-erythroid fates, confirming
dynamic chromatin looping as a general requirement for differentia-
tion'". However, genes associated with the RNA elongation machin-
ery (Phf5a, Ashll) operated to preserve progenitor multipotency. As
reported in other systems, H3K4 methyltransferases and chromatin
remodelers showed high functional diversity'®. Myeloid/lymphoid
or mixed-lineage leukemia protein 4 (MLL4) complex genes (Kmt2d,
Kdmeéa) regulated progenitor identities and early myeloid priming,
while histone-lysine N-methyltransferase Setl-like (SET1) complex
components were required for differentiation and erythroid prim-
ing. BRG1- or BRM-associated factors (BAF) members' behaved pre-
dominantly as pro-myeloid regulators, but nucleosome remodeling
deacetylase (NuRD) and imitation switch (ISWI) factors" " facilitated
mega-erythroid fates. Finally,and in contrast, certain repressive com-
plexes demonstrated functional homogeneity, where heterochromatin
(Setdb1,Cbx3), histone deacetylases (Hdacl and Hdac3) and coREST?**
members all functioned as myeloid repressors. Validating these results,
thescreen-based phenotypes of tenindividual chromatin factor knock-
outs were confirmed by analyzing their ex vivo differentiation patterns
(Fig.1le and Extended Data Fig. 2a-d).

Collectively, these findings highlight substantial functional diver-
sity within chromatin complexes, suggesting that specific chromatin
factor subcomplexes work at different branches and stages along the
differentiation trajectories.

Chromatin factor roles during in vivo hematopoiesis

Next, we used Perturb-seq to explore the functional diversity of 80
factorsin their proper physiological context, in vivo hematopoiesis,
atsingle-cell resolution. This list comprises 60 chromatin factors with
strong dependencies combined with 20 lineage-specific transcription
factors, with known functional effects, as control perturbations.

Fig.1|Functional screens identify lineage specificities for chromatin
factorsin hematopoiesis. a, Schema of the experimental approach used,
describing the murine progenitor populations used, their isolation and
transduction with the CRISPR library, subsequent differentiation, flow sorting
of specific differentiation readouts and read-count based analysis of function.
CF, chromatin factor; TF, transcription factor. b, Differentiation systems and
FACS-based readouts: (1) self-renewal versus differentiation; (2) lineage priming:
mega-erythroid versus myeloid; (3) myeloid differentiation: mature myeloid
versus non-myeloid; and (4) terminal myeloid maturation versus immature.

¢, Averaged lineage scores of ‘differentiation versus self-renewal’ (y axis) versus

‘lineage priming’ (x axis) for 554 genes. Significant hits (n = 93 genes with 50%
or more significant guide RNAs (gRNAs) in either comparison) are shown with
ared cross. NTC sgRNAs are shown with a blue cross. Data for non-Cas9 cells
are shown in the background using a yellow-blue density. d, Lineage scores for
chromatin factors grouped on the basis of complex membership. The dot color
represents the lineage score, the dot size the percentage of significant guides
(Supplementary Table 3). HDAC, histone deacetylase; PRMT, protein arginine
methyltransferase. e, Exemplarimmunophenotypic validations for chromatin
factorsin the lineage priming (top) and myeloid differentiation (bottom)
systems. SSC-A, side scatter area.
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Experimentally, multipotent progenitors (Lin"Scal’c-Kit" (LSKs))
were transduced with targeted libraries before transplantation into
sublethally irradiated mice. Thereafter, 2 weeks after transplant, we
isolated their progeny (Lin"and Lin*c-Kit" cells) and used Perturb-seq

Library

tojointly measure their transcriptomes and chromatin factor pertur-
bations (Fig. 2a and Supplementary Fig. 5). This approach reconsti-
tuted the main hematopoietic lineages: progenitor (HSC) myeloid
(GMP) (granulocyte progenitor, granulocytes and monocytes),
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Fig.2|Perturb-seq highlights disparate lineage dependencies for chromatin
complexes during hematopoiesis. a, Schematic drawing of the in vivo
Perturb-seq: LSK progenitors were sorted from Cas9-GFP mice infected with the
chromatin factor knockout library and transplanted into irradiated recipient
mice; bone marrow was collected 14 days after transplant, sorted for animmature
phenotype (lineage™and Lin*c-Kit") and the Perturb-seq and downstream
analyses were performed. b, Uniform manifold approximation and projection
(UMAP) of the single-cell transcriptomes. Clusters are annotated using external
reference maps’. The analysis integrates seven different biological replicates.
CLP, common lymphoid progenitor; Eo/Ba, esosinophil-basophil progenitor;
Ery, erythroblast; G1, G1 phase; Gran, granulocyte; IMP,immature myeloid
progenitor; MEP, mega-erythroid progenitor; MKP, megakaryocyte progenitor;
Mono, monocyte;S, S phase. ¢, UMAP showing the distribution of unperturbed

eviction

cells (NTC sgRNAs) and specific perturbations. d, Scatterplot showing
comparisons between experimental batches. Each dot represents the abundance
of two NTC sgRNAs inagiven population. Pearson correlation between NTC and
sgRNAs per experimental batch = 0.962 with P=1.20 x 10", e, Enrichment and
depletion of chromatin factor knockouts across hematopoietic populations
(Supplementary Table 4). Dot color and size relate to the log, odds ratio (OR)

and the percentage of significant enrichments. f, Effect of specific chromatin
factor knockouts on myeloid versus erythroid priming. Positive values (red) show
enhanced myeloid priming. Negative values (blue) indicate reduced myeloid
priming. g, Trajectory analysis of specific chromatin factor knockouts along
myeloid differentiation. Cells are ordered from HSCs to mature granulocytes
using pseudotime. DC1, diffusion component1; DC2, diffusion component 2.

h-j, Graphicrepresentation of the roles of key chromatin regulatory complexes.
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mega-erythroid, basophil and lymphoid (B cell), with most cells
spanning the myeloid/erythroid branches (Fig. 2b and Extended
Data Fig.3a-c).

Torule out knockout-independent confounding patterns arising
from neutral selection and amplification of individual LSK clones, we
compared the distribution of 14 different nontargeting control (NTC)
guides across hematopoietic lineages in seven separate experiments.
Different NTCs demonstrated a homogeneous distribution with high
correlation (Pearson correlation = 0.96) confirming arobust approach
(Fig. 2¢,d). Conversely, sgRNAs targeting the lineage-determining
transcription factors Cebpa (myeloid), KIfI (erythroid) and Pax5 (B cell)
were absent from their cognate lineages, as expected (Fig. 2d). Inline
with the ex vivo bulk results, LOF of chromatin factors demonstrated
strong lineage-specific patterns and marked functional diversity
(Fig. 2e,fand Extended Data Fig. 3e). To characterize their roles, we used
three metrics: (1) assessment of chromatin factor knockout enrichment
and depletionacross the different hematopoietic lineages; (2) analysis
of the effect of chromatin factor knockouts at key lineage branching
points: myeloid versus erythroid and monocyte versus granulocyte;
and (3) analysis of the progression of chromatin factor knockouts along
myeloid and erythroid differentiation trajectories using pseudotime
analysis (Fig. 2f-h and Extended Data Figs. 4a-d and 5a).

Like ex vivo, we found that disruption of cohesin (Stag2 knockout)
blocked differentiation, causing accumulation of progenitors and
myeloid deficiency (Fig. 2e). In line with previous studies®, perturba-
tion of the COMPASS H3K4 methyltransferases revealed marked func-
tional diversity (Fig. 2e-h and Extended Data Fig. 4a-d). Asreported®
andlike our ex vivo screen, SET1 catalytic subunits (Setd1a, Setd1b) were
required for erythropoiesis and their perturbation eradicated eryth-
roid differentiation, leading to myeloid and megakaryocytic progenitor
accumulation. Perturbation of the SET1structural subunit Wdr82 par-
tially phenocopied Setd1a and Setd1B knockouts, generating amarked
accumulation of megakaryocyte progenitors. However, knockout also
defined additional roles for Wdr82as aB cell and granulocyte regulator,
suggesting that Wdr82 cooperates with different chromatin complexes
during hematopoiesis. LOF of MLL1 (Kmt2a and Men1 knockout) also
blocked terminal granulocytic differentiation but further enhanced B
cell priming. Finally, the H3K4 mono-methyltransferase MLL4 (Kmt2d
knockout) functioned as a pleiotropic regulator of HSCs self-renewal,
early myeloid branching and monocyte versus granulocyte specifica-
tion. Collectively, these results demonstrate a lack of redundancy
between H3K4 methyl writers during hematopoiesis.

Analysis of BAF perturbation patterns showed similar phenotypic
diversity (Fig.2e-g,i). Disruption of the canonical BAF (cBAF) member
Smarcd2 confirmed the strong myeloid dependency found ex vivo,
inducing an early erythroid skewing and accelerated erythropoiesis,
asimilar pattern to the Smarcd2knockout mouse®. Alternatively, dis-
ruption of the noncanonical (ncBAF) complex, defined by Brd9, caused
amajor blockade of B cell development. Moreover, despite a mild
myeloid priming defect for Brd9knockout, these cells did not undergo
terminal myeloid differentiation but accumulated at the progenitor
stages. Instark contrast, disruption of the polybromo-associated BAF
(pBAF)-defining subunit Pbrm1I prevented erythropoiesis, augmenting
myeloid and B cell outputs. These results reveal very different roles for
BAF subcomplexes during hematopoietic differentiation.

As predicted in the bulk screens, disruption of complexes
with repressive functions, including NuRD (Chd4 and Rbbp4), ISWI
(Smarca5) and heterochromatinrepressors (Atf7ip, Setdbl), produced a
similar pattern characterized by accelerated granulocytic versus eryth-
roid and B cell trajectories (Fig.2e-g,h,jand Extended Data Fig. 5a). This
suggests that most epigenetic repressors act to safeguard the diversity
of progenitor identities®* and, by limiting extensive myelopoiesis,
ensure balanced lineage output. Inaddition, coRest (Rcorl, HdacI) and
NuRD (Chd4) complex repressive activity proved crucial for terminal
erythropoiesis andits depletioninduced the accumulation of aberrant

erythroid cells, which expressed high levels of both mature and pro-
genitor markers and were rarely found in the unperturbed scenario
(Extended Data Fig. 5b-f). Finally, disruption of Kdmé6a, Hmgbx4 and
Ashllledto otheraberrant populations not presentinthe unperturbed
state (Extended DataFig. 5b-e).

Transcriptional analysis of chromatin factor perturbations pro-
videdamolecular basis for the lineage dependencies observed for BAF
and SET/MLL members, where PbrmI knockout and Setd1a knockout
caused downregulation of erythroid regulators but Smarcd2 knockout
strongly reduced myeloid markers and transcription factors (Extended
Data Fig. 6a). In addition, perturbations that blocked differentiation
trajectories—Rcorl, Wdr82, Stag2 and Brd9 knockout—upregulated
stem cell transcription factors (Hoxa”7, MeisI) and surface markers
(Kit, Cd34), highlighting that these alterations may facilitate leukemic
transformation. By contrast, perturbations of chromatin repressors
that show a clear myeloid bias did not significantly alter the balance
between erythroid and granulocytic programs, suggesting that sub-
tlerand cumulative changes drive these phenotypes.Indeed, gene set
enrichment analysis of these perturbations revealed amarked upregu-
lation of inflammatory pathways (tumor necrosis-o or JAK/STAT) and
Jun/Fos targets, mediators known to enhance myeloid lineage outputs
under inflammatory stimuli®’ (Extended Data Fig. 6b).

Together, these results demonstrate functional diversity of chro-
matin factorsin hematopoiesis similar to that of transcription factors.
Interestingly and unlike transcription factors, most chromatin factor
dependencies cannot be simply explained by their gene expression
levels and patterns (Extended Data Fig. 5g), suggesting that other
mechanisms like posttranscriptional regulation, protein complex
assembly or differential recruitment explain their functional diversity.

Chromatin factors regulate lineage-determining
transcription factor accessibility

Intrigued by these findings, we sought to elucidate the interac-
tions between chromatin factors and transcription factors that may
explain the observed lineage-specific dependencies. To this end, we
CRISPR-engineered the knockout of ten strong lineage-dependent
chromatin factors in multipotent progenitors and induced both line-
age priming and myeloid differentiation. Thereafter, we used an assay
for transposase-accessible chromatin with sequencing (ATAC-seq)
to perform transcription factor footprinting analysis* and define
synergistic or antagonistic connections between chromatin factors
and lineage-determining transcription factors that explain chromatin
factor lineage dependencies (Fig. 3a—-d and Extended Data Fig. 7a). In
line with their in vivo effects, disruption of repressive factors (Rbbp4,
Hdac3 and SetdbI) resulted in increased accessibility of transcription
factors like Cebps, HIf? and AP-1 (ref. 30) that drive myelopoiesis on
inflammation. This suggests that these repressive complexes attenuate
amyeloid transcription factor-mediated program triggered by inflam-
matory cytokines. Conversely, myeloid-dependent chromatin factors
(MLL4/Kmt2d, Smarcd2/cBAF and Wdr82) regulate chromatin acces-
sibility around the binding sites of key myeloid-determining transcrip-
tion factors (Cebp, Pu.1, Spib). Disruption of ncBAF (Brd9 knockout)
demonstrated milder effects on myeloid transcription factor binding
siteaccessibility, inline withits subtler in vivo effects. Interestingly, we
detected different degrees of specificity of chromatin factor-transcrip-
tion factor connections, where MLL4 (Kmt2d knockout) regulated the
accessibility of a more restricted set of myeloid transcription factors
(Cebp, AP-1and HIf) but Wdr82 mediates the accessibility of a larger
transcription factor repertoire. Finally, we interrogated the dynam-
ics of these effects using a time series analysis in Wdr82 and Kmt2d
knockouts (Extended DataFig. 7b-d). Wdr82knockoutinduced reduc-
tion in myeloid transcription factor accessibility at early time points
(day 3), followed by increased mega-erythroid accessibility at later
time points (days 5-7), suggesting that Wdr82 directly interacts with
myeloid transcription factors and that its depletionindirectly enhances
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Fig. 3| Chromatin factors regulate the accessibility of lineage-determining
transcription factors. a, Schema of the experiment; LSK progenitors were
collected from Cas9-GFP mice, transduced with a single chromatin factor or NTC
control gRNA, placed into differentiation medium for 7 days and ATAC-seq was
performed and analyzed to infer the interacting synergistic and antagonistic
transcription factors. b, Chromatin accessibility for representative myeloid

and mega-erythroid loci after disruption of specific chromatin factors. The
accessibility profiles correspond to two merged replicate experiments. The
$100a9, Ly6g, Hbba and Pf41oci coordinates are chr3:90685583-90703276,
chrl5:75134355-75144437, chr7:103869996-103874051 and chr5:90771031-

90773155, respectively. The y axis ranges for all knockouts in the same regions

are 0.02-1.5,0.02-1,0.02-2 and 0.02-4, respectively. ¢, Volcano plot showing
differentially bound transcription factor motifs (estimated by TOBIAS) in Wdr82
and Hdac3 knockouts under lineage priming conditions. Transcription factor
motifs demonstrating gained and lost accessibility in each chromatin factor
knockouts (compared to NTCs) are shown in green and purple, respectively.n =2
biologicallyindependent experiments. d, Heatmap summarizing the effect of ten
chromatin factor knockouts on transcription factor motif footprints estimated
by TOBIAS. n =2 biologically independent experiments. Dot color and size relate
to the log, fold change and the ~log,,(P,q) value, respectively®.

mega-erythroid transcription factors activity as a secondary effect.
In general, we could demonstrate that the effects on TF-motif acces-
sibility are not related to a decreased TF expression following CF-KO
(Supplementary Fig. 6), suggesting that specificinteractions between
chromatin factors and lineage-determining TFs coordinately drive
lineage differentiation.

ncBAF is required for terminal myeloid differentiation

Ex vivo chromatin footprinting of BAF perturbation could not explain
the sequential requirement of cBAF versus ncBAF complexesin, respec-
tively, early myeloid priming and myeloid maturation. We speculated
that this may reflectincomplete recapitulation of myeloid progression
in our ex vivo system; therefore, we used an in vivo system to further
dissect the roles of BAF subcomplexes in myelopoiesis (Fig. 4a). First,
using Perturb-seqatalater time point (28 days), we detected amassive
expansion of Brd9 knockout clones that mapped predominantly to
the multipotent (HSC) and myeloid progenitor (GMP) compartments
(Fig. 4b,c). This confirmed that Brd9 is required for full myeloid

maturation and revealed that Brd9 disruption conferred a competi-
tive growth advantage to progenitors.

Chromatin accessibility analysis of Brd9 knockout myeloid pro-
genitors (Fig. 4d) demonstrated an aberrant pattern, with a marked
loss of accessibility at the myeloid maturation loci (Mpo, S100a’,
S$100a8, S100a9 and Ctsg) and at the motifs of Cebp and AP-1, tran-
scription factors mediating terminal myeloid maturation (Fig. 4e,f).
By contrast, progenitor loci (Hoxa”, Hoxa9, Hoxal0, Gata2, Meis1) and
progenitor-associated transcription factor motifs, including GATA2,
demonstrated increased accessibility (Fig. 4e,f). ChIP-seq of Cebpa
and Cebpein freshly sorted GMPs validated the motif analysis derived
from ATAC-seq (Fig. 4g-i), confirming that Brd9 knockout leads to
reduced accessibility at the binding sites of these two progranulocytic
transcription factors.

Finally, corroborating these results, ChIP-seq analysis of Brd9in
myeloid progenitors (GMPs) and mature myeloid cells (monocytes)
showed a strong enrichment for the Cebp and AP-1 (ATF4) motifs in
mature myeloid cells and highlighted a switch in the transcription
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Fig. 4| Disruption of ncBAF leads to a pre-leukemic accumulation of
myeloid progenitors with diminished Cebp-AP-1activity. a, Schema of the
invivo perturbation of cBAF (Smarcd2 sgRNA) and ncBAF (Brd9 sgRNA); in vivo
transplantation of LSK cells transduced with alibrary of Smarcd1, Smarcad2,
Brd9 and NTC guides, intoirradiated recipient mice and lineage-negative cells
were collected and sorted at either 14 or 28 days for Perturb-seq as in Fig. 2.

b, Proportions of cells with a specific sgRNA at 14 and 28 days after transplant.
¢, UMAP showing the distribution of Brd9 knockout and control (NTC sgRNA)
cells at 28 days after transplant. d, Schema of the in vivo ATAC-seq experiment;
Brd9knockout LSK were generated and transplanted asinaand collected at
day 28 for the ATAC-seq analysis. e, The ATAC-seq signal at myeloid progenitor
(top) and differentiated (bottom) loci. Coordinates: Hoxa7, Hoxa9, HoxalO:
chr6:52214971-52236669, chr11:18912448-19036437; MeisI: chr6:88186822-
8820729; Gata2: chr11:87788022-87796472; Mpo: chr3:90651905-90703284;
S$100a7,5100a8, S100a9: chr14:56098019-56107286; Ctsg: chr14:56098019-
56107286.f, Volcano plot showing differentially bound transcription factor
motifs (estimated by TOBIAS) between control (NTC) and Brd9 knockout GMPs.
n=2biologically independent experiments. g, Genome browser tracks

progenitors (OR) progenitors (OR)

showing ATAC-seq, Cebpa ChIP-seq and Cebpe ChIP-seqin wild-type (WT)
myeloid progenitors (GMPs). Loci coordinates are the same as in Fig. 4e.

h,i, Quantification of accessibility changes between Brd9 knockout and

control (NTC) GMPs. h, MA plot showing loci overlapping with Cebpa binding
(red). i, Box plots showing accessibility loss (statistically tested using a two-
sided Kolmogorov-Smirnov test, n =2) at Cebpa (n = 11,316, statistic = 0.86,
P=1x107%)and Cebpe sites (n =10,409, statistic = 0.85, P=1x107%). The box
plot displays the median as the center line of the box, with the box representing
the distribution’s 25th (minima) and 75th (maxima) percentiles. The whiskers
extend up to1.5times the interquartile range (IQR) (Q3-Q1) from the minima
and maxima. j, Schema of the ChIP-seq analysis. k, Heatmaps showing specific
binding of Smarcbl (cBAF) and Brd9 (ncBAF) in myeloid progenitors (GMPs)
and bone marrow monocytes. Two merged independent ChIP-seq experiments
were used. 1, Transcription factor motif enrichment measured by HOMER at
the cBAF and ncBAF sites between progenitor (GMP) and mature (monocytes)
myeloid cells. The axes represent the transcription factor motif odds-ratio
(OR). All colored transcription factor motifs have P,4; < 0.001. The analysis was
performed with two independent experiments per population.
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Fig. 5| Npm1icand Fit3-ITD leukemia abrogates normal chromatin factor
function to maintain leukemic fitness through enforcing differentiation
blockade. a, UMAP projection of single-cell transcriptomes from NpmIc and Flt3-
ITD primary leukemia. The color-coded clusters correspond to cells with specific
signatures: leukemic stem cells (LSC, green), granulocyte-like (Gra.1and Gra.2,
Gran-perturbed, blue), erythroid-like (Ery.1and Ery.2, red) and basophil-like
(Baso-like, yellow). The analysis integrates datasets from six different Perturb-
seq experiments. b, mRNA-derived and CITE-seq-derived expression of lineage
makers in the differentiated leukemia subpopulations. ¢,d, Clonogenic (c) and
proliferation (d) assays for differentiated leukemia subpopulations, isolated
according to the strategy in Extended Data Fig. 9e. Colonies were counted after

7 days of culture in methylcellulose. Proliferation and clonogenic values were
obtained from n = 4 biologically independent experiments. ***P < 0.0001
(two-way analysis of variance (ANOVA)). The error bars are the s.e.m., the
midpoints show the mean. e, Enrichment analyses of specific chromatin factor

knockouts across differentiated leukemia subpopulations. Dot color and size
relate to thelog,(OR) and the percentage of significant enrichments versus
NTCs, respectively. The analysis is based on measurements for two sgRNAs

per chromatin factor target. All values are shown in Supplementary Table 6.
Gra.P1and Gra.P2, granulocyte-like. f, Perturbed growth curves for leukemic
chromatin factor knockouts. The assay measures the change in the proportion
of blue fluorescent protein (BFP) BFP sgRNA-expressing cells over time, n =4
biologically independent experiments. All ***P < 0.001, except for Smarcdl
versus NTC (day 9) where ***P=0.0009 (two-way ANOVA). The error bars are
the s.e.m., the midpoints show the mean. g, FACS analysis of mega-erythroid
(CDS5) and myeloid (CD11b, Grl) surface differentiation markers in leukemia cells
depleted for cBAF (Smarcbl and Smarcd2knockout) and MLL (Kmt2a knockout)
components. h, FACS analysis of myeloid surface differentiation markers
(CD11b, Grl) inleukemia cells treated with increasing doses of Menlinhibitor
(revumenib). Raw data can be found in Supplementary Datal.

factor partnership of Brd9, from a broader spectrum in GMPs to a
Cebp-AP-1-centric association in mature myeloid cells (Fig. 4j-1). We
expanded this approach to other chromatin factor complexes and
hematopoietic lineages to highlight lineage-specific transcription
factor-chromatin factor interactions with regulatory potential; for
example, astrong connection between Brd9 binding and the Ebfl motif
may explain the strong B cell dependency of ncBAF complex members
(Extended DataFig. 8a-e).

Together, these results demonstrate that specific transcription
factor-chromatin factor interactions mediate lineage specification
invivo. In particular, myeloid maturation is governed by a transcrip-
tion factor-chromatin factor switch, where ncBAF and Brd9 initially

complex with a broad range of transcription factor partners before
specifically interacting with Cebp factors for terminal differentia-
tion. Furthermore, Brd9 loss induces a preleukemia-like phenotype
of differentiation block and retention of a leukemia-associated tran-
scriptional program, related, atleastin part, to the failure to transition
from ‘progenitor transcription factor programs’ to later differentia-
tion programs.

Chromatin factors enforce differentiation blockade
inleukemia

Having extensively dissected chromatin factor function in normal
hematopoiesis, we decided to explore their roles in the aberrantly
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Fig. 6| Chromatin factors enforce differentiation blockade in AML through
corrupted transcription factor interactions. a, Heatmaps showing ChIP-seq
signal for cBAF (Smarcbl), MLL (Kmt2a) and MLL4 (Kmt2d) in leukemia (NpmIc
and Flt3-ITD), in vivo myeloid progenitors (GMPs), in vivo monocytes and ex vivo-
derived primary monocytes. n =2 independent ChIP-seq experiments per factor.
b, Motif enrichment analysis of cBAF, MLL and MLL4 binding patterns specific
for leukemia (leukemic), common between leukemia and myeloid progenitors
(common), and specific for normal myeloid cells (normal). ¢, Box plot showing
the Stat5a, Runxl and Runx2 binding signal (ChIP-seq) at the leukemic, common
and normalloci defined in Fig. 6a (n =2). The number of loci comprising the
leukemic, common and normal categories are 2,019, 581 and 2,361 for Smarcb1;
2,427,2,346 and 5,789 for Kmt2a; and 3,144, 810 and 4,129 for Kmt2d. d, Genome
browser tracks showing the ChIP-seq signal for Smarcbl, Kmt2a, Kmt2d, Stat5a
and Runx2in leukemia, and ATAC-seq for control and chromatin factor-depleted
leukemia cells. The chosen loci are leukemic-specific. n = 2independent

experiments. The green highlighted regions shown identify chromatin factor-
transcription factor binding and altered accessibility on chromatin factor
knockout. e, Box plots showing changes in chromatin accessibility at leukemic
locibound by Stat5a, Runx1 and Runx2 on depleting specific chromatin factors.
cBAF, n=2independent experiments. Smarcd2 knockout: n =1,385,1,050,1,711;
statistic = 0.73,0.75,0.76; P=5x107", 0, 0. Kmt2a knockout: n =1,288, 695,1,427;
statistic=0.78,0.86,0.78; P= 0,9 x 107, 0. Kmt2d knockout: n =1,482,990,1,913;
statistic = 0.70,0.70,0.69; P=2x107%,0, 0. The decay in accessibility was tested
statistically using a two-sided Kolmogorov-Smirnov test. f, Growth curves for
Cas9-leukemic cells expressing NTC and anti-Stat5a sgRNAs, n = 3 independent
experiments. ***P < 0.001 (two-way ANOVA). The error bars are the s.e.m., the
midpoints show the mean. The box plots in ¢ and e display the median and the
distribution’s 25th (minima) and 75th (maxima) percentiles. The whiskers extend
up to 1.5 times the IQR (Q3-Q1) from the minima and maxima.

blocked differentiation states typical of leukemia. To this end, we chose
anaggressive NpmlIcand Fit3-ITD model, driven by the two most com-
mon co-occurring mutations in AML that synergize to generate a highly

corrupted chromatin landscape, which recapitulates many aspects of
human AML with the same genotype®. We isolated primary leukemia
cellsfrom NpmIc, Flt3-ITD Cas9 mice, cultured them and used cellular
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transcription factor complexes. ¢, Examples of how chromatin factor function is
hijacked in leukemia, where cBAF-, MLL4- and MLL1-containing complexes block
rather than facilitate hematopoietic differentiation. d, Examples of ‘transcription
factor switches’ that mechanistically underpin the different functions of
chromatin factors in normal and malignant hematopoiesis.

indexing of transcriptomes and epitopes sequencing (CITE-seq) to
interrogate their differentiation status (Fig. 5a,b). This identified a core
of leukemia stem cell-like cells with high levels of stem cell transcripts
(Bcatl, Sox4) and markers (Cd34) and also subpopulations with more
differentiated transcriptomes resembling granulocytic, erythroid,
basophilic and megakaryocytic states, whichdemonstrated decreased
fitnesswhenisolated and growninliquid cultures and clonogenic assays
(Fig. 5c,d and Extended Data Fig. 9a-e).

Importantly, Perturb-seq analysis of 50 chromatin factor knock-
outs uncovered latent trajectories toward such differentiated end-
points (Fig. 5e and Extended Data Fig. 9f). Specifically, the depletion of
MLLI1-COMPASS (Kmt2a and MenI knockouts), NCoR (Hdac3knockout),
ncBAF (Brd9 and SmarcdI-knockouts), Prmt5 and the heterochromatin
regulators Setdbl and Atf7ipinduced transition toward several granulo-
cyticstates. Incontrast, LOF of cBAF (Smarcd2 and Smarcbi1 knockouts),
MLL4-COMPASS (Kmt2d knockout) and PrmtI pushed leukemia toward
basophil and erythroid fates. Interestingly, unlike their roles in normal
hematopoiesis, disruption of the repressive factors Smarcas, Chd4 and
Rbbp4induced the same erythroid trajectory. Finally, like the normal
setting, LOF of Wdr82 generated a megakaryocytic state, which was
absent from the unperturbed scenario (Extended Data Fig. 9g).

Analysis of the growth dynamics of several individual chromatin
factor knockouts revealed a marked defect in cell growth, indicating
that the differentiation caused by their depletion leads to leukemic
exhaustion (Fig. 5e,f). This was especially pronounced for cBAF and
COMPASS members, revealing Npm1ic and Flt3-ITD leukemia to be
highly dependent onthe epigenetic activities regulated by these com-
plexes. However, of interest and unlike previous reports for MLL-driven
leukemias®**, our Npm1Ic and Flt3-ITD model did not show vulnerability
to Brd9 (ncBAF) disruption, highlighting that different leukemia muta-
tions produce specific chromatin states that are variably dependent
onindividual chromatin factors.

Of note, our analysis found potential therapeutic targets in
Npmic and Fl¢e3ITD leukemia, including PrmtI (Fig. 5e and Extended
DataFig. 9h), which may be amenable to therapeutic exploitation. As
aproof of principle for the therapeuticimplications of our approach,
treatment of the cells with the clinical grade menin inhibitor (revu-
menib, previously known as SNDX-5613), which is currently pro-
ducing promising results in a clinical trial in KMT2A-mutated and
NPMI1-mutated AML (AUGMENT-O01; ClinicalTrials.gov registration:
NCT04065399) (ref. 34), recapitulated the Menl and Kmt2a knock-
out single-cell phenotype toinduce a dose-dependent granulocytic
differentiation and decrease in proliferation (Fig. 5g,h and Supple-
mentary Fig. 7).

These collective findings demonstrate how leukemias hijack chro-
matin factors involved in homeostatic differentiation to aberrantly
block latent differentiation pathways and how this can be therapeuti-
cally exploited to facilitate leukemia exhaustion.

Chromatin factors engage in corrupted transcription factor
interactionsin leukemia

Finally, to interrogate the molecular mechanisms that underpin the
requirement for the cBAF and COMPASS-MLL complexes in NpmlIc
and Flt3-ITD AML, and how these differ from normal hematopoiesis,
we compared the genome-wide binding patterns of Smarcb1 (an exem-
plar of cBAF), Kmt2a (COMPASS-MLL1) and Kmt2d (COMPASS-MLL4)
using ChIP-seq across leukemia, normal myeloid progenitors (GMP)
and mature myeloid subsets (Fig. 6a). Of note, these analyses dem-
onstrated marked redistribution of the cBAF and COMPASS-MLL1/
MLL4 complexes on leukemia induction (Fig. 6a and Extended Data
Fig.10b-d), identifying three major binding patterns: (1) leukemic-
specific, enriched in molecular functions such as tyrosine kinase sign-
aling related to the FIt3-/TD mutation; (2) common to leukemia and
myeloid progenitors; and (3) normal-specific.
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Motif analysis across the three binding patterns revealed sub-
verted leukemic transcription factor-chromatin factor interactions
(Fig. 6b), specifically between Stat and Runx transcription factors,
and MLL1and MLL4 and cBAF complexes. In contrast, Pu.1and IRF fac-
tors were associated with cBAF specifically in normal cells. ChIP-seq
profiling of Stat5a, Runxl and Runx2 confirmed the motif analysis,
demonstrating cobinding of these transcription factors and BAF or
MLL1and MLL4 complexes at key pro-leukemiagenes including Hoxa”
and Hoxa9 (Fig. 6¢,d and Extended Data Fig.10e). Moreover, chromatin
accessibility profiling of leukemia cells disrupted for cBAF (Smarcd2
knockout), MLL1 (Kmt2a knockout) or MLL4 (Kmt2d knockout) showed
that these chromatin factors are required to maintain optimal acces-
sibility at the Stat5a and Runx2 binding loci (Fig. 6d,e and Extended
DataFig.10f). Finally, LOF of Stat5ain NpmIc and Flt3-ITD cells signifi-
cantly reduced their proliferative fitness, confirming the importance
ofthese transcription factor-chromatin factor switches for leukemic
maintenance (Fig. 6f). Taken together, these findings demonstrate
how individual chromatin factors required for normal myeloid line-
age determination engage in corrupted interactions with alternative
transcription factor partners to promote differentiation blockade,
thereby maintaining cellular fitnessin AML.

Discussion

In this study, we generated a detailed lineage dependency map for
chromatin factors during hematopoiesis (Fig. 7a,b). We uncovered
aremarkable phenotypic diversity that, for some chromatin factors,
phenocopies key lineage-determining transcription factor functions
(i.e. Smarcd2/Cebpa or Pbrm1/KIf1). Demonstrating the complex nature
of chromatin factor regulation, we showed highly divergent roles for
complexes that mediate the same, or very similar, epigenetic activi-
ties, including the different COMPASS H3K4 methyltransferases or
the various BAF subcomplexes. The lack of redundancy among COM-
PASS complexes has been described in other systems®, suggesting
lineage-specific requirements for H3K4 methylation deposition by
particular COMPASS members or regulation via catalytic-independent
roles***. In addition, reshaping of BAF complexes regulates cellular
fates in pancreatic B cells®®, and here we show evidence for another
switch, from cBAF to ncBAF, which regulates myeloid differentiation,
ensuring full lineage progression. Of note, Brd9 and ncBAF perturba-
tion led to the accumulation of myeloid progenitors with a preleukemic
gene expression program, mimicking the aberrant splicing of BRD9
that results in its degradation, a process mechanistically implicated
in the AML precursor lesion, myelodysplastic syndrome®. Lastly, in
stark contrast to functional diversity for some chromatin factors, we
observed a common function for different chromatin repressors as
attenuators of excessive granulopoiesis, suggesting repressive chro-
matin factors as a key buffering mechanism in the interplay between
inflammatory signaling and chromatin state.

What then underlies such chromatin factor specificity? Inspired
by previous studies*’, we demonstrated that specific transcription fac-
tor-chromatin factor interactions mediate lineage diversification via
the regulation of local accessibility and thus the binding site specific-
ity of key lineage-determining transcription factors. However, as the
chromatin factorsinvestigated include alarge number of proteins with
diverse functions (remodelers, epigenetic readers, epigenetic writers,
epigenetic erasers), we think it unlikely that a simple ‘one-size-fits-all’
mechanism governs chromatin factor-transcription factor interac-
tions. We believe it more probable that the interactions are usually
directed by transcription factors, which physically recruit specific
chromatin factors to induce lineage-specific chromatin configura-
tions*~*. However, an alternative and non-mutually exclusive expla-
nation could be asequential model, where specific chromatin factors,
already deployed through multivalent interactions with epigenetic
modifications, regulate subsequent transcription factor activity by
modulating the chromatin state at the transcription factor binding

sites. Specifically, we propose this as a possible mechanism whereby
chromatinrepressors attenuate myeloid pro-inflammatory transcrip-
tion factor responses.

Regardless of the specific detail, central to the chromatin factor-
transcription factor collaboration is the chromatin factor-mediated
regulation and maintenance of locus accessibility and thus transcrip-
tion factor binding*®. As evidenced in our dynamic ATAC-seq studies,
early alterations in accessibility are observed even after knockout
of methyltransferase complex components (Kmt2d and Wdr82) that
lack chromatinremodeling activity. Therefore, these dataalso inform
interactions among chromatin factors with regulatory potential; the
changes in accessibility suggest that the MLL4 and SET1 complexes
recruit chromatin remodelers*, probably BAF members, an observa-
tionreinforced by the strong knockout phenocopy observed between
Kmt2d and several cBAF subunits. However, whether this recruit-
ment involves direct protein-protein interactions, or via an indirect
mechanism mediated by alocal pattern of histone methylation that, in
turn, recruits remodelers via their own reader modules*, will require
furtherinvestigation.

Finally, by studying chromatin factor requirement in AML, we
highlight corrupted roles for certain chromatin factors in malignant
hematopoiesis. Here, they alter their normal lineage regulatory role
to conversely block differentiation in leukemia, reiterating that this
blockade is an active process required for leukemic fitness (Fig. 7c).
Incharacterizing these patterns, we also identified leukemic depend-
encies that may be amenable to inhibition or targeting, including
Prmtl, Hdac3, Setdbl and Kmt2d. Furthermore, we identified that
these altered roles relate to leukemia-specific transcription factor-
chromatin factor interactions, including COMPASS and BAF factors
that rewire their transcription factor networks toward Runx and
Stat transcription factors (Fig. 7d). These observations also have
clinical implications; transcription factors and chromatin factors
have pleiotropic effects across multiple tissues; however, targeting
leukemia-specific transcription factor-chromatin factor interactions,
importantonly for leukemia cells, will likely have much lower toxicity
and higher specificity. This can be achieved chemically or through
synthetic approaches***° and requires not only a detailed structural
understanding of specific interactions, but also knowledge of the
mechanisms governing individual transcription factor-chromatin
factor associations®. Our study provides a blueprint to expand such
approaches to leukemia.

Our approach combininglarge-scale CRISPR screening with down-
stream single-cell analysis in vivo could be readily deployed to assess
the role of other classes of proteins in hematopoiesis or adapted to
other organand tumor systems. However, several limitations must be
considered. First, our currently limited ex vivo differentiation readout
could be supplemented by the use of other cytokine cocktails that
permit interrogation of lymphoid lineages®. In addition, our in vivo
approachdoes not completely reflect steady-state hematopoiesis, but
moreregenerative hematopoiesis in the after transplant setting. Thus,
some of theroles described for individual chromatin factors, including
theblockade of granulopoiesis by several repressors, may differ under
steady-state conditions. Screening in homeostasis could be achieved
by combining inducible Cas9 systems**~ that permitinducible LOF of
specific factors in steady-state conditions, after transplantation full
reconstitution and areturn to homeostatic hematopoiesis.

Taken together, the results of this study show that chromatin
factors constitute aspecific regulatory layer that should be accorded
equal weighting with transcription factors when studying cell fate
decisions. It lays the basis for additional, in-depth interrogation
of specific chromatin factor-transcription factor interactions and
functions, using multidisciplinary approaches ranging from in vivo
functional approaches to protein—-proteininteractions, which we feel
are warranted to further elucidate chromatin factor-transcription
factor functions.
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Methods

Mouse models

C57BL/6) (strain 000664, The Jackson Laboratory) and B6J.129(Cg)-
Gt(ROSA)26Sorm-1(CAGcas9'EGFPIFezh /) (strain no. 026179, The Jackson Labo-
ratory) were used for all experimental procedures. The NpmlIc/Flt3-ITD/
Cas9 model has been extensively described previously®-*%, The maxi-
mal tumor size allowed by the Home Office license for this project and
authorized by the Animal Welfare Ethical Review Body at the University
of Cambridgeis 1.2 cmindiameter; however, as the animals developed
aliquid not a solid tumor, in none of the experiments was this tumor
size exceeded. Housing conditions were: 12h-12h dark-light cycle, at
atemperature of 21 +1°C and 40% humidity.

Bulk CRISPR screens

CRISPR library construction. sgRNA-CRISPR libraries (Supplemen-
tary Table 2) were ordered from Integrated DNA Technologies and
cloned using a Gibson assembly mastermix (New England Biolabs)
in the CRISPR sequencing (CRISP-seq) backbone (catalog no. 85707,
Addgene).

Cloning of individual sgRNAs. Individual oligonucleotides were
cloned in the CRISP-seq backbone (Supplementary Table 2) using a
Golden-Gate reaction with a100-ng vector backbone, 1l annealed
sgRNA oligonucleotides, 1l Esp3I (New England Biolabs) and 1 pul T4
DNA Ligase (New England Biolabs) using the following program: 10x
(5min at 37 °C, 10 min at 22 °C), 30 min at 37 °C and 15 min at 75 °C.
Individual colonies were picked and grownin lysogeny broth and ampi-
cillin overnight. Plasmids were isolated with the ZymoPURE MiniPrep
Kit (Zymo Research) and sequenced using a U6 forward primer (Sup-
plementary Table 8).

Lentiviral production. HEK 293T (catalog no. 12022001-DNA-5UG,
Sigma-Aldrich) cells were transfected with the CRISP-seq vectors,
pMD2-G (plasmid no.12259, Addgene) and psPAX2 (plasmid no.12260,
Addgene) using Lipofectamine 3000 according to the manufacturer’s
protocol. After 10 h, mediawas replaced with Opti-MEM (Thermo Fisher
Scientific) plus1% penicillin-streptomycin (Thermo Fisher Scientific).
The viral supernatant was collected 48 h after transfection, filtered
using 0.45-pM filters and concentrated with a 100 Kda Centricon at
3,000gat4 °C.

Isolation of murine hematopoietic progenitors (LSKs) from bone
marrow. Femur, tibia, ileum, humerus, sternum and scapulawere col-
lected from12-14-week-old C57BL/6) and ROSA-Cas9 mice (equal ratio
of males and females), crushed in cold autoMACS Running Buffer and
filtered through a 70-uM strainer. Erythrocytes were lysed and c-Kit*
cellswere enriched using mouse CD117 magnetic beads (MiltenyiBio-
tec). The c-Kit-enriched fraction was stained with anti-lineage (B220,
CD3, CD11b, Grl, Ter-119), anti-CD117 (c-Kit) and anti-Scal (Supplemen-
tary Table 9). LSK cells were FACS-sorted in1 ml DMEM/F-12 (Thermo
Fisher Scientific) + 1x penicillin-streptomycin, centrifuged at 350g for
10 min and processed for ex vivo screens (see below). Dilution for all
antibodies was 1:100, except 1:50 for CD34. An exemplar gating strategy
canbe foundin Supplementary Fig. 1.

Ex vivo CRISPR screens cultures. After FACS sorting, multipotent
(LSK) or myeloid (GMP) progenitors were resuspended at 250 cells per
plin DMEM/F-12 plus 1% penicillin-streptomycin-glutamine (Gibco),
polyvinyl alcohol (PVA) 87% hydrolyzed (P8136, 363081 or 363146),
1x insulin-transferrin-selenium-ethanolamine (Gibco), 1x HEPES
(Gibco), 100 ng mI™ mouse TPO (PeproTech) and 10 ng ml™ mouse
SCF (PeproTech) and plated in 96-well plates with 25,000 cells (100 pl)
per well. Immediately after plating, cells were transduced with the
CRISPR libraries to reach a multiplicity of infection of approximately
20%. After 12 h, 2.5 volumes of fresh medium were added. Then, 48 h

afterinfection, cells were transferred (1,000 cells per ml) to the ‘screen
media’and cultured.

Stem cell versus differentiation. Growth time was 7 days. The medium
was complete DMEM/F-12, 1% penicillin-streptomycin-glutamine
(Gibco), PVA 87% hydrolyzed (P8136, 363081 or 363146), 1x insulin-
transferrin-selenium-ethanolamine (Gibco), 1x HEPES (Gibco),
100 ng ml™ mouse TPO (PeproTech) and 10 ng ml™ mouse SCF
(PeproTech)®.

Lineage priming. Growth time was 5 days. The medium was com-
plete DMEM/F-12, 1% penicillin-streptomycin-glutamine (Gibco),
PVA 87% hydrolyzed (P8136,3630810r363146), 1x insulin-transferrin-
selenium-ethanolamine (Gibco), 1x HEPES (Gibco), 100 ng mlI™ mouse
TPO (PeproTech) and 10 ng mI™ mouse SCF (PeproTech) +1ng ml™
mouseFIt3L (PeproTech) and1U mI™ Epo (R&D Systems).

Myeloid differentiation. Growth time was 4 days. The medium was
IMDM (Thermo Fisher Scientific), 20% FCS (Thermo Fisher Scien-
tific), 1% penicillin-streptomycin-glutamine (Gibco), 10 ng mlI” mouse
GM-CSF (PeproTech), 10 ng mI™ mouse SCF (PeproTech), 5 ng ml™
mouse G-CSF (PeproTech), 5 ng ml™ mouse interleukin-3 (IL-3) (Pep-
roTech), 5 ng ml™ mouse interleukin-6 (IL-6) (PeproTech), 5 ng mI™
mouse interleukin-5 (IL-5) (PeproTech), 5 ng ml™ mouse FIt3L (Pep-
roTech), 2 ng ml™ mouse TPO (PeproTech) and 2 U mI™ Epo (R&D
Systems).

Terminal myeloid differentiation. Growth time was 2 days. The
medium was IMDM, 20% FCS, 1% penicillin-streptomycin-glutamine
(Gibco), 10 ng mlI™ mouse GM-CSF (PeproTech), 10 ng mI™ mouse SCF
(PeproTech), 5 ng mI™ mouse G-CSF (PeproTech), 5 ng mI™ mouse IL-3
(PeproTech), 5 ng ml™ mouse IL-6 (PeproTech), 5 ng mI” mouse IL-5
(PeproTech), 5 ng ml™ mouse FIt3L (PeproTech).

CRISPR FACS readouts. Cultures were collected and stained with
the readout-specific antibody cocktails (below and Supplementary
Table 9) plus a viability marker (TOPRO or propidium iodide). Cas9
(GFP*)and non-Cas9 (GFP") populations weresortedin1.5 mIPBS + 0.1%
BSA (Thermo Fisher Scientific).

Stem cell differentiation. Multipotent progenitor (Lin"c-Kit"Sca-1°).
Differentiated (Lin c-Kit'Sca-1").

Lineage priming. Myeloid progenitor (Lin"c-Kit"Sca-1'FcyRIII*).
Mega-erythroid progenitor (Lin"c-Kit*Sca-1"FcyRIII*).

Myeloid differentiation. Mature myeloid (FcyRIII'CD11b").
Non-myeloid (FcyRIII"CD11b").

Terminal myeloid differentiation. Mature myeloid (CD11b*Gr1").
Immature myeloid (CD11b"Gr1"). A dilution of 1:100 was used for all
antibodies. Exemplar gating strategies can be found in Supplementary
Figs.2and 3.

Bulk CRISPR library preparation, sequencing and preprocessing.
Sorted cells were lysed in 40 pl of 0.2% SDS and 2 pl of proteinase K
(New England Biolabs) at 42 °C for 30 min. Then, genomic DNA
(gDNA) was isolated with a 2x solid-phase reversible immobiliza-
tion (SPRI) cleanup and NGS libraries were prepared from purified
gDNA with a two-step PCR protocol using 2x KAPA HiFi Master Mix
(Roche): first PCR: 10 pM Read1-U6 and Read2 scaffold primer mix
(Supplementary Table 2); 3 min at 98 °C; 20x (10 s at 98 °C, 10 s at
62°C, 25s at 72°C); 2 min at 72 °C. Second PCR: 10 uM P5 and
P7indexmix:3 minat98 °C;10x (10 sat 98 °C,10 sat 62 °C,25sat 72 °C);
2minat72°C.
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Libraries were purified with 1x SPRI cleanup and sequenced at
10 M reads per sample (paired-end 50 bp in a NextSeq 1000 system).
Raw data were processed with bcl2fastq (v.2.20) into FASTQ files and
then processed using a custom script (see 00_NR_CRISPR_extract.pi
in the analysis code)® to isolate the 20-mer protospacers; then, they
were mapped using Bowtie2 (v.2.3.4.2) using an index file containing
the sgRNA sequences (Supplementary Table 2). Raw counts can be
found in Supplementary Data 2.

Computational analysis of FACS-based CRISPR screens. Analyses
were performed in R (v.4.0.2). Biological replicates were merged by
summing the counts. Aggregated counts were normalized by calcu-
lating normalizing factors using the function calcNormFactors from
edgeR (v.3.32.1) (ref. 61) on nontargeting guide counts. Counts were
transformed to counts per million (CPM) and log,-normalized using
limma (v.3.46.0) (ref. 62). Araw lineage score comparing pairs of popu-
lations (A and B) was then calculated by subtracting the log, CPMs of
population A from population B, for each library of guides. To assess
significance, we next calculated the probability of observing a given
score in the Cas9 data given the non-Cas9 data, where no effective
knockout occurs. For each comparison and each library, we centered
and scaled the Cas9 data based on the mean and standard deviation
calculated from the non-Cas9 data. The resulting normalized scores
were used to calculate the probabilities of observing values as extreme
(two-sided) using the function pnorm. The resulting probabilities
represent the probability of an observed value given a background
distribution but with the important difference to P values that in our
analyses the background distribution was not based on replicates but
onthe non-Cas9 data. We next corrected these probabilities for multi-
ple testing using the function p.adjust with the Benjamini-Hochberg
method and selected values smaller than 0.05 as significant.

Validation of single candidates with flow cytometry. Cas9 pro-
genitor cells (LSKs) were transduced with CRISPR sequencing lentiviral
vectors, cultured and stained using the conditions described above,
and analyzed with a FACSAria. FACS data were analyzed with FlowJo
v.10.8.0 (FlowJo LLC).

Perturb-seq

Perturb-seq libraries. For each target, we cloned the top two per-
forming sgRNAs in the lenti-Perturb-seq-BFP vector, which we
built by modifying the original lenti-CRISPR-BFP vector by replac-
ing the original sgRNA scaffold for a sgRNA scaffold containing the
10x capture-sequenced CR1Csl (ref. 63). Lentiviral particles were pre-
pared as specified for bulk screens.

In vivo Perturb-seq. We performed seven experiments with 10-15
factors and two nontargeting control sgRNAs per batch. Ineach batch,
300,000 LSKs were isolated from 12-14-week-old ROSA26-Cas9 mice
(equalratio of males and females), and transduced with the Perturb-seq
librarytoreach10%infection (>1,000x coverage). After transduction,
cellswerelefttorecoverfor36 hinstem cellmedium: DMEM/F-12 plus 1%
penicillin-streptomycin-glutamine (Gibco), PVA 87% hydrolyzed (P8136,
363081 or 363146), 1x insulin-transferrin-selenium-ethanolamine
(Gibco), 1x HEPES (Gibco), 100 ng mI™ mouse TPO (PeproTech) and
10 ng mI™ mouse SCF (PeproTech)*. Then, cell number and viability
were assessed with the Cellometer K2 Image Cytometer (Nexcelom Bio-
science) and 50,000 viable cells were transplanted to eachirradiated
(902 cGy, 1 min) 12-week-old adult B6.SJL-Ptprc® Pepc’/Boy) (CD45.1)
mice (strain no. 002014, The Jackson Laboratory) via tail injection.
After 2 weeks, mice were euthanized, c-Kit" cells wereisolated and
stained with TOPRO (viability), anti-lineage (CD3, CD19, Ter119, CD11b,
Gr1) and anti-CD117 (c-Kit) antibodies (1:100 dilution). Then, we gated
GFP* (Cas9) and BFP* (sgRNA) cells, and FACS-sorted lineage™ and
lineage*c-Kit" fractions. Cells from each of these gates were processed

inthe Chromium Controller to reach 500 cells per sgRNA. An exemplar
gating strategy can be found in Supplementary Fig. 4.

Perturb-seq in leukemia. A total of 0.25-0.5 x 10° double-mutant
(DM) Cas9 cells were transduced with Perturb-seq libraries using
retronectin-mediated infection (Takara Bio) and maintained in cul-
ture for 6 days. Transduced, BFP* and 7-AAD™ (BD Biosciences) live
cells were FACS-sorted (BD Influx, BD Biosciences). Finally, 16,000 live
cells (cellnumber and viability assessed with the Cellometer K2 Image
Cytometer) were processed in a 10x scRNA-seq partition aiming at a
final coverage of 500 single cells per sgRNA.

Perturb-seq library preparation. Single-cell libraries were generated
using the Chromium Next GEM Single Cell 3’ Reagent Kits v.3.1 (Dual
Index) using the manufacturer’s recommended protocol. The result-
inglibraries were sequenced in aNovaSeq systemto a final coverage of
50,000 reads per cell for 3’ Gene Expression libraries and 5,000 reads
per cell for CRISPR Feature Barcode libraries.

CITE-seq
CITE-seq was performed on 2 x 10° DM Cas9 murine leukemic cells,
stained with TotalSeq-B antibodies (BioLegend) for CD11b, Ly6C, CD115,
CD14,CD150,CD48,CD34,CD117,CD55,CD41,CD326 and FcyRI (Sup-
plementary Table 9) according to the manufacturer’s protocol. Stained
cellswere FACS-sorted for 7-AAD™ (BD Biosciences) live cells (BD Influx;
BD Biosciences).

scRNA-seq libraries were prepared at the Cancer Research UK
Cambridge Institute Genomics Core Facility using the Chromium Single
Cell3’Library & Gel Bead Kit v.3.1, Chromium Chip GKit and Chromium
Single Cell 3’ Reagent Kits v.3.1 User Guide (part no. CGO00317 for
CITE-seq). Libraries were sequenced in a NovaSeq system with a final
coverage of 50,000 reads per cell for 3’ gene expression libraries and
5,000 reads per cell for antibody Feature Barcode libraries.

Perturb-seq and CITE-seq analysis
Analyses were performed inR (v.4.0.2) unless otherwise stated.

Basic processing and alignment. Raw reads were processed and
aligned to the GRCm38/mm10 reference genome assembly (GENCODE
vM23/Ensembl 98) using cellranger count (v.6.1.1).

Quality control and integration. Starting with the filtered’ datamatrix
from cellranger, additional quality control and processing was per-
formed. First, low-quality cells were filtered based on the number of
detected genes, unique molecular identifiers (UMIs) and the percent-
age of mitochondrial reads using Seurat (v.4.0.0) (ref. 64). For each
sample, the 90th percentile of cells was calculated based on the number
of detected UMIs and the number of detected genes. Cells with less
than 20% of the 90th percentile (and less than 500 genes and 1,000
UMIs as minimum cutoffs) were removed. Cells with more than 10% of
mitochondrial reads were also removed. Second, cell cycle phases were
inferred using the function CellCycleScoring from Seurat. Third, gRNAs
were assigned to cells using the gRNA matrix provided by cellranger. In
the case of multiple detected gRNAs per cell, guides matching 75% or
more of the reads per cell were used. If no guide matched 75% or more
ofreadsinacell, this cell was left unassigned. Fourth, data were aligned
across samples and cell cycle effects were removed using the function
align_cds from Monocle 3 (v.0.2.3.0) (ref. 65). Finally, UMAP projection
and clustering was performed using the functions reduce_dimension
and cluster_cells from Monocle 3.

Cell type assignment (in vivo and ex vivo). Cell types were predicted
using the package singleR (v.1.4.1), based on a dataset fromIzzo and col-
leagues’® and a dataset from the packages CytoTRACE (v.0.3.3) (ref. 66).
SingleR®” was run using the Wilcoxon method for differential analysis.
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Cellsin clusters withmore than 80% of cells predicted as granulocytes,
granulocyte progenitors orimmature B cellsin the bone marrow data-
set from CytoTRACE were assigned based on this dataset. All other
clusters were assigned based on the predictions by Ninkovic et al.*.
Eosinophils and basophils were combined in one label. Cells predicted
aserythrocytes were further splitinto MEPs, erythroid progenitors or
erythrocytes based on acomparison of gene signatures with external
datasets®® and on the expression of key marker genes: (1) low Gata2
and high Gatal, Epor and KlfI marked the transition from MEPs to
erythroid progenitors; (2) induction of Hba-al and Hbb-b1, increased
Tfrcexpression, enrichment of Sand Gl cell cycle signatures mark the
transition from erythroid progenitors to erythrocytes. Finally, cells
coexpressing high levels of marker genes from the two distinct mature
lineages (erythroid and myeloid) were removed as probable doublets
or cells with contamination of ambient RNA.

Next, cells constituting less than 10% of a cluster were reassigned
to the majority in each cluster. MEPs with Gata2 expression greater
than Gatal expression were labeled as early MEPs. MEP clusters with
strong cell cycle phase signatures were labeled accordingly. A cluster
of MEPs harboring predominantly Rcorl knockouts was labeled as
‘erythroid perturbed..

Cell type enrichment analyses. To test differences in the distribu-
tions of knockouts and NTCs, we tested the enrichment of knockouts
compared to NTCs within each cell type. Clusters with fewer than five
NTCsor less than25%NTCs were removed from this analysis. A Fisher’s
exact test was used with the function fisher.test. Enrichment was tested
againsteach NTC separately. Pvalues were adjusted using the function
p.adjust with the Benjamini-Hochberg method.

Viability analysis. Counts of cells harboring knockouts at day 14
were transformed to CPMs and normalized to the number of cells
harboring NTCs. The normalized cell counts were compared to the
equally normalized read countsin the gRNA pool before cell infection,
resulting in alog fold change that represents viability. Thus, negative
or positive values represent an enrichment or loss, respectively of
knockout-harboring cells at day 14 (after cellinfection) relative to NTCs.

Cross-projection of ex vivo and leukemia samples to in vivo data.
To project ex vivo and leukemia samples onto the in vivo data, we
adapted the ProjecTILs algorithm (v.2.0.2) (ref. 69) predicting UMAP
coordinates for each cell from the ex vivo and leukemia samples based
on the UMAP coordinates of in vivo cells using a k-nearest neighbor
approach with k=20 neighbors.

Differential expression analysis. We performed differential expres-
sion comparing cells with chromatin factor knockouts to NTCs using
nebula(v.1.1.8). Weremoved clusters with fewer than 31 cellsand genes
with fewer than 21 reads. We ran nebula’ with default parameters,
testing differences of knockouts to NTCs with fixed effects (parameter
‘pred’) and adding sample information as random effects (parameter
‘id’). For genes, where the algorithm did not converge, we reran nebula
with the ‘negative binomial lognormal mixed model’ model. P values
were corrected for multiple testing using the function p.adjust with the
Benjamini-Hochberg method. Gene set enrichment was performed
using the function fgsea from the fgsea package”.

Pseudotime trajectory analysis. Pseudotime for the differentlineage
trajectories was identified using diffusion maps’” applied to the NTC
population, using the SCANPY (v.1.9.1) (ref. 73) functions tl.diffmap and
tl.dpt. Perturbed cells were then mapped to their nearest k = 15 nontar-
geting cellsinthe principal component analysis (PCA) space, consider-
ing the first n = 8 principal components, and then assigned the mean
pseudotime value across these cells. PCA cutoffs were found via elbow
plots by assessing the variance accounted for in the first n principal

components. Each branch was extracted for separate analysis using
the aforementioned cell labels (Fig. 2a) and pseudotime was scaled
to the unit interval. We plotted perturbations with crucial biological
significance, whichincidentally showed visually striking distribution
differences compared to the nontargeting cell population.

The CITE-seqread counts obtained from cellranger were normal-
ized to log CPMs and then scaled. Perturb-seq data in leukemia were
processed in the same way as the in vivo data, as described above.
Enrichment analyses were performed on clusters instead of cell types.

Chromatin accessibility analysis of chromatin factor
knockouts
Isolation of progenitors, CRISPR LOF and ex vivo differen-
tiation. A total of 20,000 Cas9-LSK cells were transduced with the
lenti-CRISPR-BFP virus, expressing the top performing sgRNA against
each chromatin factor and cultured for 48 h under multipotent con-
ditions (detailed above). Then, cells were stimulated with cytokine
cocktails for lineage priming or myeloid differentiation for 5 days. For
the time-course experiment, cells were perturbed and immediately
grown for 3,5and 7 days under lineage priming or myeloid conditions.
Finally, the CRISPR edited progeny was FACS-sorted (BFP*GFP*) into
1xPBS +0.5% BSA and collected by centrifugation for ATAC-seq.
ATAC-seq was performed according to the Fast-ATAC protocol
describedin Corcesetal.*. Briefly, 50,000 sorted cells were centrifuged
at500gfor 7 minand resuspended into 25 pl Tagmentation Mix: 1x TD
buffer (FC-121-1030, lllumina), 0.01% digitonin (Sigma-Aldrich), 0.1%
Tween-20 (Sigma-Aldrich) and 0.1% NP-40 (Thermo Fisher Scientific).
Tagmentation was performed at 37 °C for 30 min with agitation at
1,000 rpm. After the tagmentation reaction, 2 pl proteinase K, NaCl
(150 mM final concentration) and SDS (0.3% final concentration) were
added and the samples were incubated at 50 °C for 30 min. Then, gDNA
was purified with SPRI Beads (Beckman Coulter) added at a 2x ratio;
tagmented genomic regions were amplified using PCR with the KAPA
Master Mix (Roche) and 5 pM P5 and P7 Nextera Indexing Primers
(Supplementary Table 8) using the following program: 5 minat 72 °C,
2minat 98°C, 8x (98 °C for20s, 60 °C for 30 s, 72 °C for 1 min) and
5min at 72 °C. The ATAC-seq libraries were sequenced at 50 million
reads (paired-end 50 bp) on a NextSeq 1000 system.

Data processing and analysis. Based onthe ATAC-seq nf-core pipeline,
weran Trim Galore (v.0.6.6) (ref. 75) with Cutadapt (v.3.4) (ref. 76) using
the default parametersto trim low-quality and adapter sequences. We
then aligned these reads to the GRCm38/mm10 reference genome
assembly with decoy sequences using Bowtie2 (v.2.3.4.2) (ref. 77)
with the following parameters: -X 1000 --no-discordant --no-mixed
--very-sensitive. Then, we removed duplicated regions with Picard
(v.2.25.4) (Broad Institute, https://broadinstitute.github.io/picard/),
noninteresting chromosomes (for example, chrM, chrUn) and black-
listed regionsincluded in the ENCODE blacklist (v.2.0) (ref. 65). Finally,
we removed the Tn5 adapters with alignmentSieve (v.3.5.1) (ref. 78)
(--ATACshift parameter) and indexed the final BAM files with SAMtools
(v.1.3.1) (ref. 68). These BAM files were then processed to CPM-scaled
BigWig files with bamCoverage (v.3.5.1) (ref. 79).

To identify the ATAC peaks, we pooled replicates and converted
the paired BAM files to single-read BED format using the function
bamToBed from BEDTools (v.2.27.1) (refs. 80,81). Then, we used MACS
(v.2.2.7.1) (ref. 82) with the parameters --broad -f BED --keep-dup all
--nomodel --shift -75 --extsize 150 to call peaks. To compare peak
strength between conditions, we generated a unified peak set for all
experiments, ending with, respectively, 376,658 and 207,724 peaks in
LSKs and Npmic or FIt3-ITD murine leukemic cells (DM cells), respec-
tively. We then annotated these consensus peaks with the function
annotatePeaks from HOMER (v.4.10) (ref. 83), counted the reads on
themwith featureCounts (v.2.0.1) (ref. 84) and calculated adjusted CPM
values with the edgeR (v.3.34.1) trimmed mean of M-values method®.
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Additionally, we used DESeq?2 (v.1.32.0) (ref. 73) to measure the fold
change between conditions, defining the peaks with absolute log,(fold
change) values greater than 0.75 and P, values lower than 0.01as dif-
ferentially enriched. Finally, we filtered out peaks with fewer than two
CPMs ortenreadsinthe compared conditions (knockout versus WT).

Motif analysis. To look for differential transcription factor motif
enrichment between knockout and WT, we used TOBIAS (v.0.13.2)
(ref.28).Following the program guidelines, we generated a consensus
set of peaks with all the peaks called previously in both the control
and compared knockout sample. We then renamed and formatted
HOMER'slist of vertebrate known motifs to make it suitable for TOBIAS.
After generating the transcription factor footprint BigWig files (using
the function ATACorrect with the parameters --read_shift O O and the
function ScoreBigwig with default parameters), we computed the dif-
ferentially bound motifs with the function BINDetect.

Additionally, we used the output transcription factor binding coor-
dinates of each of the motifs to measure the gain or loss of transcription
factor union to chromatin for each chromatin factor knockout.

ChIP-seq analysis of normal and leukemic populations

Isolation of in vivo hematopoietic cells from bone marrow. Bone
marrow cells were collected from 12-14-week-old C57BL6 mice as
described above and stained for the isolation of the following cells:
GMP: lineage™ (CD3, CD19, CD11b, Gr1, Ter119, B220), c-Kit", Sca-1,
FcyRIIl*, CD34"; MEP: lineage™ (CD3, CD19, CD11b, Gr1, Ter119, B220),
c¢-Kit",Sca-17, FcyRIII,, CD34~; monocytes: CD37,CD197, Ter119-, CD11b*;
Bcell: CD37, CD197, Terl19-, CD11b~; erythroid cells were FACS-sorted
from the spleens of 12-week-old C57BL6 mice as CD3~, CD19", Ter119°,
CD11b", Gr1". Dilution was 1:100 for all antibodies, except 1:50 for CD34
cells. Cellswere sorted in PBS + 0.1% BSA and cross-linked immediately
after sorting. The FACS antibodies are shownin Supplementary Table 9.

Isolation of leukemic cells. NpmIc/Flt3-ITD/Cas9 DM cells were gener-
ated from lineage-depleted bone marrow cells of primary transgenic
mice after leukemia onset (female, 12 weeks old) as described previ-
ously*”*8, Cells were maintained in XVIVO-20 medium (Lonza) supple-
mented with 5% FCS, 1% penicillin-streptomycin-glutamine, mouse SCF
50 ng ml™ (PeproTech), mouse IL-310 ng mI™ (PeproTech) and mouse
IL-610 ng mI™* (R&D Systems), ina37 °C and 5% CO, atmospheric envi-
ronment. NpmIc/Flt3-ITD/Cas9 DM cells were passaged every 2 days
and cultured for a short time (passages 3-5) to maintain the original
leukemic properties.

Cross-linking. Freshly sorted normal cells or early passage (3-5) leu-
kemic cells were cross-linked at room temperature with 3 mM ethyl-
ene glycol bis(succinimidyl succinate), disuccinimidyl glutarate and
dimethyl adipimidate (Thermo Fisher Scientific) for 20 min followed
by 1% formaldehyde (Thermo Fisher Scientific) for another 5 min. Then,
glycine was added to 125 mM and incubated for 5 min to quench the
cross-linkers. Finally, cells were pelleted at 750g for 7 min, washed twice
with cold 0.5% BSA/PBS containing 1x cOmplete Protease Inhibitors
(Roche) and flash frozen at —80 °C.

Chromatin immunoprecipitation. Cross-linked cells were thawed and
resuspended in 1.5 ml ice-cold cell lysis buffer (10 mM HEPES, pH 7.5,
10 mM NacCl, 0.2% NP-40 (Thermo Fisher Scientific)) plus cOmplete
Protease Inhibitors for 10 min on ice. Then, nuclei were pelleted at
5,000¢ for 7 min, resuspended in sonication buffer (0.5% SDS, 5 mM
EDTA) and pelleted again at 8,000g, then resuspended in 50-100 pl
sonication buffer and sonicated for five cycles (30 s ON, 30 s OFF) ina
Bioruptor Nano (Diagenode). Then, chromatin extracts were dilutedin
four volumes of ChIP dilution buffer (25 mMHEPES, 185 mM NacCl, 1.25%
Triton X-100 plus cOmplete Protease Inhibitors) and incubated with
the relevant antibodies (Supplementary Table 10) at 4 °C for 10-12 h.

The following day, 25 pl Magna ChIP Protein A + G (Merck Millipore)
were added and incubated for 3 hat 4 °C. Bead-bound chromatin was
washed twice with radioimmunoprecipitation assay (RIPA) buffer
(10 mM Tris-Cl, pH 8,150 mM NaCl, 0.1% SDS, 1% Triton X-100, 1 mM
EDTA), twice with RIPA-500 buffer (10 mM Tris-Cl, pH 8,500 mM NacCl,
0.1% SDS, 1% Triton X-100,1 mM EDTA), twice with LiCl buffer (10 mM
Tris-Cl, pH 8,550 mMLiCl, 0.5% sodium deoxycholate, 0.5% NP-40,1 mM
EDTA) and once with TE buffer. ChIPped DNA was reverse-cross-linked
by 30 minincubationwith 2 pl proteinase K in 50 pl ChIP elution buffer
(10 mM Tris-Cl, pH 8,300 mM NaCl, 0.2 mM EDTA, 0.4% SDS) at 55 °C
followed by 1-hincubation at 68 °C. Finally, the ChIPped DNA was puri-
fiedwitha2.2x SPRI cleanup and quantified using the Qubit dSSDNA HS
Assay Kit (Thermo Fisher Scientific).

Every ChIP-seq experiment was performed in replicate except
for Kmt2d and Kmt2ain early myeloid (GMP) and erythroid (MEP) pro-
genitors. Allattempts at replication were successful except for a failed
Smarcbl ChIP-seq experiment in MEPs, which was removed from the
analysis and substituted by a third ChIP-seqexperimenttoreachn=2.

Preparation of ChiP-seq libraries. ChIP-seqlibraries were prepared
from 0.5-10 ng of ChIPped DNA using the Next Ultra Il kit (New England
Biolabs) following the manufacturer’s instructions. ChIP-seq libraries
were sequenced to100 millionreads per sample (paired-end 50 bp) in
aNextSeq1000 system and demultiplexed using bcl2Fastq (v.2.20).

ChlP-seq data processing and analysis. Based on the ChIP-seq
nf-core pipeline®, we first processed the FASTQ files to BAM files as
described for ATAC-seq, skipping the Tn5 adapter removal. (The sta-
tistics for each ChIP-seq experiment are detailed in Supplementary
Table 11). Next, to identify the peaks for each sample, we pooled rep-
licates and used MACS with the parameters -f BAMPE --keep-dup all.
To compare peak strength between cell types, we generated a unified
peak set per chromatinfactor (Brd9, Kmt2a, Kmt2d and Smarcb1). We
thenfollowed the steps explainedin the ATAC-seq data processing and
analysis section to annotate the peaks and calculate the CPM reads on
them. Finally, we measured the fold change between cell types using
DESeq2 (ref. 85) to get peaks with an absolute log,(fold change) greater
than 0.75and aP,q;lower than 0.01. Normalized ChIP-seq peak counts
canbe foundinthe Supplementary Data 3-6.

Motif analysis in ChIP-seq peaks. We first generated a list of cell
type-specific peak coordinates for each of the analyzed chromatin
factors. Todo so, we selected all peaks that were significantly enriched
ordepletedin pairwise comparisons of GMP, myeloid, MEP, erythroid
and B cell on each of the chromatin factors. Then, we clustered and
manually curated these coordinates to get a list of cell type-specific
peaks per chromatin factor. Enrichment of transcription factorsin cell
type-specific peak coordinates was then analyzed using the function
findMotifsGenome from HOMER (v.4.10). For each chromatin factor,
cell type-specific peaks were compared to all peaks found across all
five cell types and all four chromatin factors as background. Motif
enrichment analyses were centered on the 100 bp surrounding the
peak summit.

Comparison of normal and leukemic patterns. To identify tran-
scription factor switches in leukemia, we defined subsets of peaks
that were gained in DM AML cells (leukemic), shared in DM and GMP
cells (common) and not present in DM cells but present in GMPs and
monocytes (normal). Gained peaks were defined by log,(fold change)
values greater than 1, lost peaks by log,(fold change) values smaller
than -1, and shared peaks by absolute log,(fold change) values lower
than 0.5. The subsetting was done per chromatin factorinaconsensus
peak dataset of Smarcbl, Kmt2a and Kmt2d. Similar to motif analysis
in ChIP-seq peaks section, we looked for enrichment of transcription
factors in each of the subsets using the function findMotifsGenome
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from HOMER; all peaks from the consensus (across all subsets) were
used as the background set.

To measure the Stat5a binding signal over the chromatin
factor-boundsites, we collected Stat5a ChIP-seqsequencing dataatthe
same consensus coordinates stated above and computed the CPM val-
uesasdescribed in the ATAC-seq data processing and analysis section.

Functional assays in leukemia

Cell transduction and sorting of differentiated populations.
Npml/Flt3-ITD/Cas9 DM murine cells were transduced using a
retronectin-transduction protocol (Takara Bio) with lenti-Perturb-
seq-BFP vectors targeting Smarcbl, Smarcd2, Brd9 and Smarcdi,
Kmt2a, Kmt2d, Wdr82, Hdac3, Setdbl, Stat5a or NTC. Then, growth
was monitored by flow cytometry (LSRFortessa II; BD Biosciences)
of BFP* cells in culture at 2, 6, 9 and 13 days after transduction. Fold
change in BFP* cells at each time point relative to the proportion of
BFP” cells at day 2 was calculated. Immunophenotypic analysis was
performed by flow cytometry at 6 days by staining with anti-CD11b,
anti-Ly6G/Ly6C (Grl) and anti-CD55 (Supplementary Table 9). The
proportions of granulocyte-like (CD11b"€"Gr-1*) and erythroid/
basophil-like (CD55"€") were quantified with FlowJo (v.10.8.1). Pvalues
were calculated using a two-way ANOVA or ratio-paired ¢-test
(Prismv.9.1, GraphPad Software).

Clonogenic and cell proliferation assays of DM AML cells. A total
of 2 x10° DM murine leukemic cells were stained for CD11b, Gr-1,
CDS55, CD41 and CD34 (Supplementary Table 9). Granulocyte-like
(CD11b"e"Gr-1*), erythroid/basophil-like (CD55"€"CD417) and CD34*
fractions were subsequently FACS-sorted (BD Influx; BD Biosciences).
One thousand cells of each sorted population were seeded in 1 ml
methylcellulose medium (M3434, STEMCELL Technologies) supple-
mented with recombinant mouse SCF (PeproTech) and mouse IL-3
(PeproTech) withrecombinantIL-6 and Epo (R&D Systems) induplicate.
Methylcellulose cultures were maintained at 37 °C and 5% CO,; total
colony forming units (CFUs) were enumerated 7 days later. Photo-
graphs of colonies were obtained with the STEMvision instrument
and software (STEMCELL Technologies). Data are presented as a fold
change of average CFUs per 1,000 cells seeded, relative to the CD34"
fraction. Ten thousand granulocyte-like, erythroid/basophil-like or
CD34" DM cells were also maintained in standard culture conditions for
21days, and the number of cells was counted every 7 days. The total cell
number is presented as afold to the corresponding CD34" counterpart
for each time point. P values were calculated using a two-way ANOVA
(Prismv.9.1, GraphPad Software).

Statistics and reproducibility

No statistical method was used to predetermine sample size. The line-
age scores (bulk CRISPR screens) of the top 200 hits were validated in
replicate screens. Likewise, Perturb-seq was performed in replicate
for the top 40 chromatin factors. Epigenetic profiling (ATAC-seq and
ChIP-seq) was performed in two biologically independent replicates
(except for Kmt2d and Kmt2a ChIP-seq in MEPs) following acommon
practiceinthefield. Growth curves of chromatin factor knockouts were
calculated fromthree to fourindependent experimental batches. Immu-
nophenotypic patterns derived from chromatin factor perturbation
were replicated at least in two biologically independent experiments.

Data exclusion. No data points were excluded from any of the analyses
except for one ChIP-seq experiment (Smarcblin MEPs), which was
excluded fromthe analysis due to alow signal-to-noise ratio. This data
point was substituted by another ChIP-seqexperimenttoreachn=2.

Randomization
Cell-based assays (screens and validations) and mouse allocation were
randomized; proper batch designs were ensured to avoid confounding

effects. In the Perturb-seq analysis, we used several NTCs across all
experimental batches. The investigators were not blinded to allocation
during experiments and outcome assessment.

Ethical compliance

Murine ethical compliance was fulfilled under the Guidelines of the
Careand Use of Laboratory Animals and were approved by the Institu-
tional Animal Care and Use Committees at the University of Navarra,
Spain, and the Animal Welfare Ethical Review Body at the University of
Cambridge, UK. Researchin the UK was conducted under Home Office
license PP3042348.

Reporting summary
Furtherinformationonresearch designisavailableinthe Nature Port-
folio Reporting Summary linked to this article.

Data availability

Bulk expression patterns of hematopoietic populations: Gene Expres-
sion Omnibus (GEO) accession no. GSE60103. Single-cell expres-
sion patterns of hematopoiesis: GEO accession no. GSE124822.
Perturb-seq datasets (in vivo, ex vivo and leukemic): GEO accession
no. GSE213511. Chromatin accessibility of CF-knockouts: GEO acces-
sion no. GSE213506. ChIP-seq datasets of chromatin factors (in vivo,
ex vivo and leukemic): GEO accession no. GSE213507. Source data are
provided with this paper.

Code availability
Analysis code is available in a dedicated GitHub repository at https://
github.com/csbg/tfcf (ref. 87).

References

57. Mupo, A. et al. A powerful molecular synergy between mutant
nucleophosmin and Flt3-ITD drives acute myeloid leukemia in
mice. Leukemia 27, 1917-1920 (2013).

58. Vassiliou, G. S. et al. Mutant nucleophosmin and cooperating
pathways drive leukemia initiation and progression in mice.
Nat. Genet. 43, 470-475 (2011).

59. Wilkinson, A. C. et al. Long-term ex vivo haematopoietic-stem-cell
expansion allows nonconditioned transplantation. Nature 571,
17-121(2019).

60. csbg/tfcf: published code. Zenodo https://doi.org/10.5281/
zenodo.7891703 (2023).

61. Robinson, M. D., McCarthy, D. J. & Smyth, G. K. edgeR:

a Bioconductor package for differential expression analysis
of digital gene expression data. Bioinformatics 26, 139-140
(2010).

62. Ritchie, M. E. et al. limma powers differential expression analyses
for RNA-sequencing and microarray studies. Nucleic Acids Res.
43, e47 (2015).

63. Replogle, J. M. et al. Combinatorial single-cell CRISPR screens
by direct guide RNA capture and targeted sequencing. Nat.
Biotechnol. 38, 954-961 (2020).

64. Hao, Y. et al. Integrated analysis of multimodal single-cell data.
Cell184, 3573-3587 (2021).

65. Trapnell, C. et al. The dynamics and regulators of cell fate
decisions are revealed by pseudotemporal ordering of single
cells. Nat. Biotechnol. 32, 381-386 (2014).

66. Gulati, G. S. et al. Single-cell transcriptional diversity is
a hallmark of developmental potential. Science 367,
405-411(2020).

67. Aran, D. et al. Reference-based analysis of lung single-cell
sequencing reveals a transitional profibrotic macrophage.

Nat. Immunol. 20, 163-172 (2019).

68. Lara-Astiaso, D. et al. Immunogenetics. Chromatin state dynamics

during blood formation. Science 345, 943-949 (2014).

Nature Genetics


http://www.nature.com/naturegenetics
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE60103
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE124822
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE213511
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE213506
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE213507
https://github.com/csbg/tfcf
https://github.com/csbg/tfcf
https://doi.org/10.5281/zenodo.7891703
https://doi.org/10.5281/zenodo.7891703

Article

https://doi.org/10.1038/s41588-023-01471-2

69. Andreatta, M. et al. Interpretation of T cell states from single-cell
transcriptomics data using reference atlases. Nat. Commun. 12,
2965 (2021).

70. He, L. etal. NEBULA is a fast negative binomial mixed model for
differential or co-expression analysis of large-scale multi-subject
single-cell data. Commun. Biol. 4, 629 (2021).

71.  Korotkevich, G. et al. Fast gene set enrichment analysis. Preprint
at bioRxiv https://doi.org/10.1101/060012 (2021).

72. Haghverdi, L., Bittner, M., Wolf, F. A., Buettner, F. A. & Theis, F. J.
Diffusion pseudotime robustly reconstructs lineage branching.
Nat. Methods 13, 845-848 (2016).

73. Wolf, F. A., Angerer, P. & Theis, F. J. SCANPY: large-scale single-cell
gene expression data analysis. Genome Biol. 19, 15 (2018).

74. Corces, M. R. et al. Lineage-specific and single-cell chromatin
accessibility charts human hematopoiesis and leukemia
evolution. Nat. Genet. 48, 1193-1203 (2016).

75. Krueger, F., James, F., Ewels, P., Afyounian, E. & Schuster-Boeckler,
B. Zenodo FelixKrueger/TrimGalore: v0.6.7 https://doi.org/10.5281/
zenodo.5127899 (2021).

76. Martin, M. Cutadapt removes adapter sequences from
high-throughput sequencing reads. EMBnet J. 17, 10-12 (2011).

77. Langmead, B. & Salzberg, S. L. Fast gapped-read alignment with
Bowtie 2. Nat. Methods 4, 357-359 (2012).

78. Amemiya, H. M., Kundaje, A. & Boyle, A. P. The ENCODE blacklist:
identification of problematic regions of the genome. Sci. Rep. 9,
9354 (2019).

79. Ramirez, F. et al. deepTools2: a next generation web server
for deep-sequencing data analysis. Nucleic Acids Res. 44,
W160-W165 (2016).

80. Danecek, P. et al. Twelve years of SAMtools and BCFtools.
Gigascience 10, giab008 (2021).

81. Quinlan, A.R. & Hall, I. M. BEDTools: a flexible suite of utilities for
comparing genomic features. Bioinformatics 26, 841-842 (2010).

82. Zhang, Y. et al. Model-based analysis of ChIP-Seq (MACS).
Genome Biol. 9, R137 (2008).

83. Heinz, S. et al. Simple combinations of lineage-determining
transcription factors prime cis-regulatory elements required for
macrophage and B cell identities. Mol. Cell 38, 576-589 (2010).

84. Liao, Y., Smyth, G. K. & Shi, W. featureCounts: an efficient general
purpose program for assigning sequence reads to genomic
features. Bioinformatics 30, 923-930 (2014).

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

86. Wolf, E. et al. Miz1 is required to maintain autophagic flux.

Nat. Commun. 4, 2535 (2013).

87. Zhou, Y. et al. Metascape provides a biologist-oriented resource
for the analysis of systems-level datasets. Nat. Commun. 10,
1523 (2019).

Acknowledgements

We thank M. Wiederstein, University of Salzburg, for HPC support,

K. Kania from the CRUK Genomics Core for assistance with single-cell
methods and N. Cano and M. Dawes for superb administrative support.
We thank D. Kent and A. Sebe-Pedrds for their constructive advice and
discussions regarding the manuscript. The CRISPR sequencing-BFP
backbone (plasmid no. 85707, Addgene) was produced by I. Amit,

Weizmann Institute of Science. pMD2.G (plasmid no. 12259, Addgene)
and psPAX2 (plasmid no. 12260, Addgene) was produced by D. Trono,
Ecole Polytechnique Fédérale de Lausanne. This project was funded
by the ‘La Caixa’ Foundation (agreement no. LCF/PR/HR20/52400016,
B.J.P.H., F.P.), Marie Sktodowska-Curie International Fellow

(no. 886474, D.L.-A.), a European Hematology Association Junior
Research Grant (D.L.-A.), Cancer Research UK Programme Grant

(no. DRCRPG-Nov22/100014, B.J.P.H.), the European Research Council
(no. 647685, B.J.P.H.), the Cancer Research UK Cambridge Major
Centre (no. C49940/A25117, B.J.P.H.), a Kay Kendall Leukaemia Fund
Junior Fellowship (no. KKL1440, N.N.), the National Institute for Health
and Care Research (NIHR) Cambridge Biomedical Research Centre
(no. BRC-1215-20014, B.J.P.H.), the UK Research and Innovation Medical
Research Council (MRC) (no. MC_PC_17230, B.J.P.H.) supporting the
Wellcome-MRC Cambridge Stem Cell Institute, Wellcome Trust

(no. 203151/2/16/Z, B.J.P.H.). The funders had no role in study design,
data collection and analysis, decision to publish or preparation of the
manuscript. The views expressed are those of the authors and not
necessarily those of the NIHR or the Department of Health and Social
Care. For the purpose of open access, the author has applied a CC BY
public copyright license to any author-accepted manuscript version
arising from this submission.

Author contributions

D.L.-A. and B.J.P.H. conceptualized the study. D.L.-A., A.G.-S., N.N.,
C.DV, GG, M.N.-A, TB., J.Z.,L.PA-A,FEM, NT,ILAC., CK.L., D.A.,
A.L. and B.S. devised the methodology and data collection. D.L.-A.,
JM.-E., T.G., J.PT.-K., N.F. and B.J.P.H. carried out the data analysis.
D.L.-A., J.M.-E., N.F. and B.J.P.H. visualized the data. D.L.-A., F.P. and
B.J.P.H. acquired the funding. B.J.P.H. managed the project. D.L.-A.,
N.F. and B.J.P.H. supervised the project. D.L.-A. and B.J.P.H. wrote the
original draft. D.L.-A., J.M.-E., N.F. and B.J.P.H. reviewed and edited the
manuscript draft.

Competinginterests

T.G. and J.PT.-K. are employees receiving compensation from Relation
Therapeutics. J.PT.-K. is a founder of Relation Therapeutics. D.L.-A. is
a consultant of Relation Therapeutics. The other authors declare no
competing interests.

Additional information
Extended data is available for this paper at
https://doi.org/10.1038/s41588-023-01471-2.

Supplementary information The online version
contains supplementary material available at
https://doi.org/10.1038/s41588-023-01471-2.

Correspondence and requests for materials should be addressed to
David Lara-Astiaso, Nikolaus Fortelny or Brian J. P. Huntly.

Peer review information Nature Genetics thanks Simon Haas, Thomas
Milne, and the other, anonymous, reviewer(s) for their contribution to
the peer review of this work. Peer reviewer reports are available.

Reprints and permissions information is available at
www.nature.com/reprints.

Nature Genetics


http://www.nature.com/naturegenetics
https://doi.org/10.1101/060012
https://doi.org/10.5281/zenodo.5127899
https://doi.org/10.5281/zenodo.5127899
https://doi.org/10.1038/s41588-023-01471-2
https://doi.org/10.1038/s41588-023-01471-2
https://doi.org/10.1038/s41588-023-01471-2
https://doi.org/10.1038/s41588-023-01471-2
http://www.nature.com/reprints

Article

https://doi.org/10.1038/s41588-023-01471-2

External Signatures

CLP

Early Myeloid
Erythroid
Myeloid
Progenitor

Non-myeloid{ -

Myeloid Progenitors { .
Multipotent progenitors
Mega-ery progenitors:

e .
Myeloid 00

e © t Early Erythroid

5.0

0.0
-2.5

0000
g AR W N =

PanglaoDBLara-Astiaso et al
Science 2014

Myeloid Progenitors

Mega-erythroid Pr

Izzo et al Nat Gen 2020

Multipotent Pr

-5.0

Lineage Priming
System

z-scores

Non-myeloid fraction

Myeloid fraction

Izzo et al

¢

¥

Myeloid Differentiation
System

« B-cell

_cell- « Basophil (Ba)
T-cell-Cd3d+
MKP - CLP

« Ery-Baso Progenitor (E/B)
« Eosinophil (Eo)

« Erythroblast (E

: HFSY(‘: (Ery)

« IMP

« Megakaryocyte Progenitor (MkP)
« Monocyte (I\X;no)

« Neutrophil (Neu)

« T-cell-Cd3d+

UMAP 2

UMAP 1

-2 0 2

Mega-ery Prog vs Mye Prog
(Iog2 FC)

(1]

1.00
0.75

0.50

Density

0.25

0.00

d LSK cKit

L L

LSK_s1

LSK

LSK_s2

cKit_s2

cKit

cKit_s1

LSK_s1
LSK_s2
cKit_s2
cKit_s1

Spearman
correlation

'
. |
LY~ R0
cococ oo

GMP MEP

GMP_s2

GMP

5

GMP_s1

MEP_s2

MEP

MEP_s1

GMP_s2
GMP_s1
MEP_s2
MEP_s1

Spearman
correlation

0.6- -
0.7
0.8

[
IR
b
o o

Extended Data Fig. 1| See next page for caption.

D Cas9-neg D Cas9

LSK_s2

cKit_s1 cKit_s2

Corr:
0.635"*

Corr:
0.554*

Corr.
0.546™**

LSS

30000

10000
5000

Corr: Corr:
0.515** 0.556"**

2SS

30000
10000
3000
1000
300

Corr:
0.876**

1LSTIDIO

30000
10000
3000
1000

300

1e+01
1e+02
1e+05

5000

MEP_s1

30
10

o
O
i<}

OIT-
0.437**

3
1S dWO

Gatad1
Gltsertl
Hcfc1
Hdac1
Hdac3
Hdac4
Hdac7
Kat5
Kat6a
Kat8
Kdm1a
Kdm3a
Kdmba
Kdme6a
Kdm6b
Kdm7a
Kmt2a
Kmt2b
Kmt2d
Kti12
L3mbtI3
Mau2
Mbd1
Mbtps1
Mecom
Med1
Med11
Med12
Med14
Med20
Med23
Med25
Med31
Med7
Med8
Men1
Morfal1
Mtf2
Ncapd3
Ncoa6
Nfrkb
Nipb!
Nup153
Nup62
Nup85
Paxip1
Pbrm1
Pds5a
Phb2
Phc3
Phf12
Phf5a
Pole3
Prmt1
Prmt5
Rad21
Rbbp4
Rbbp5
Rcor1
Sap30
Sap30bp
Setbp1
Setd1b
Setd8
Setdb1
Smarca4

1e+05

1e+04

1e+03{°
o

Corr:
0.424™*

o
&g
g3

1e+05
1e+04
1e+03
1e+02
1e+01

o

ag

&3

S d3n || 25" dno

1e+05
1e+04
1e+03

25 dan || 1

1e+04
1e+05
1e+01
1e+02

1e+03
1e+04
1e+05

Smarcad1

Smarcb1
Smarcc1
Smarcd2
Smarcet
Smcta
Smc2
Sme3
Sp1

Spit
Ss18
Ssrp1
Stag2
Supt16
Suv39ht
Uhrf1
Wdrs
Wdr82
Yeats4
Zmynd8
Znhit1

Late Mye vs DN

® Mye vs DN

MEP vs LSK

GMP vs LSK

seee

X L LY RN

L]

® o ® e GMPvs MEP

esneen

®ssceseenee

o
.0

.
°

ene

L
.
L J

sr@000cc0
c000

.

L]
.

» ot CKITvs LSK

e0e eeae el o0 o

o0

.

°
L
L]

Lineage
score
5.0
0.0
-5.0

APop1-Pop2

Lineage
score

5.0

0.0
-5.0

APop1-LSK

Nature Genetics


http://www.nature.com/naturegenetics

Article

https://doi.org/10.1038/s41588-023-01471-2

Extended Data Fig. 1| Characterization of CRISPR Screen systems.

(a) Comparison of expression profiles of the different readout populations
from our screens to lineage specific signatures from 3 different studies, named
along the bottom of the graph. Comparisons are based on enrichment analyses
between the screen signatures and the reference signatures. Dot colour and
sizerelate tolog2 odds ratio and -log10 adjusted p-value, respectively. CLP

- Common Lymphoid Progenitor, MkP - Megakaryocyte Progenitor, IMP -
Immature Myeloid Progenitor, Eryl-4 - Erythroblasts, Neul-4 - Neutrophils,
Monol-3 - Monocytes. P-values were calculated using the Fisher’s exact test.
(b) Comparison between the expression profiles of FACS-sorted populations
from our ex vivo systems and a single-cell map of normal haematopoiesis®.

Bulk transcriptomic signatures derived from FACS-sorted populations were
projected on the single-cell map from Izzo and colleagues. (c) Example
distribution of the CF lineage scores calculated from the Cas9 (green border)
and Non-Cas9 (grey) populations. (d) Replicate analysis for 200 CFs screened in
asecond experiment under Self-renewal (top) and Lineage Priming conditions
(bottom). (left) heatmaps showing correlation (Spearman) between two
replicates, (right) scatter plots showing correlation (Spearman) between
replicates. P-values are based on the algorithm AS 89 using the function cor.
testinR. (e) Lineage scores for all hits. The color of each dot represents the
aggregated lineage score. The size represents the number of significant guides,
as per key to the right. All values are shown in Supplementary Table 3.
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Extended Data Fig. 2| See next page for caption.

Nature Genetics


http://www.nature.com/naturegenetics

Article https://doi.org/10.1038/s41588-023-01471-2

Extended Data Fig. 2 | Validation of the effects of individual CF-KOs. Supplementary Fig. 2c, d. (c-d) Exemplar FACS plots showing validation results
(a-b) Heatmap showing changes in representative populations for each CF-KO for individual CF-KOs under lineage priming conditions (c) and Terminal Myeloid
compared to aNon-Targeting Control (Fold-change in population abundances Differentiation (d). These validations were performed in different batches. Each
versus NTC) under lineage-priming (a) and Myeloid differentiation and terminal batchincluded a Non-Targeting Control condition. All results were compared

Myeloid maturation (b). The Myeloid master regulator Pu.1 (Spil) was included as withthe NTC included in each batch.
apositive control. Gates and values for the selected populations are derived from
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Extended Data Fig. 3| Characterization of the invivo Perturb-seq system.
(a) Comparison of expression profiles from our in vivo single-cell clusters and
external cell-type signatures from Izzo et al, 2020°°. (b) Number of cells per cell
type. (c) UMAP projection of the Lineage- and Lineage+ ckit+ fractions. Color
scale represents the number of cellsin each area. (d) Number of cells witha
sgRNAs targeting specific CFs. CF-KOs for which less than 50 cells (in red) were

detected were removed from subsequent analysis. (e) Visualization of TF-and
CF-KO patterns derived from in vivo Perturb-seq of Chromatin Regulatory
Complexes during lineage specification. The distribution of NTCs is shown as
backgroundingreyin all plots. Cells are aggregated and the color of each area
represents the density of cellsin each area.
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Extended DataFig. 4 | Extended in vivo Perturb-seq analysis of Chromatin
Regulatory Complexes during lineage specification. (a) Enrichment analyses
of CF-KOs across 11 cellular states spanning the main hematopoietic lineages,
all values are shown in Supplementary Table 4. Dot color and size relate to
thelog2 odds ratio and the percent of significant enrichments versus NTCs,
respectively. The analysis is based on measurements of two aggregated sgRNAs
per CF target. (b) CF-KO effects on early Myeloid versus Erythroid lineage
branching, positive values (red) indicate CF-KOs leading to increased Myeloid
outputs. (c) CF-KO effects on Myeloid versus Erythroid total outputs, positive

values (red) indicate CF-KOs leading to increased Myeloid outputs. (d) CF-KO
effects on Granulocyte versus Monocyte total outputs, positive values (red)
indicate CF-KOs leading to increased monocytic outputs. (e) CF-KO effects

on viability/survival of CF-KOs after 14 days post-transplant. Negative values
(blue) indicate that cells with specific CF-KOs have growth/engraftment
disadvantages a when compared to the Control (NTC harboring) cells. Positive
values (red) indicate that cells with CF-KOs have growth advantages when
compared to the Control (NTC harboring) cells.
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Extended DataFig. 5| Extended in vivo Perturb-seq analysis of Chromatin
Regulatory Complexes during lineage specification. (a) Heatmap
summarizing trajectory analysis for CF-KOs along Myeloid and Erythroid
branches ordered from HSCs to mature lineage using pseudotime. Colors

are given by signed negative logl0 p-values (for p<0.01) generated by a ¢-test
between targeting and non-targeting control populations such that negative
values correspond to reduced differentiation capability and positive values
correspond to increased differentiation capability. (b-e) Analysis of aberrant
cellular states generated after specific CF-KOs. (b) UMAP showing localization
of 53 subclusters across the hematopoietic landscape. (c) Plot showing the

abundance of CF-sgRNAs with respect to Control-sgRNAs across the 53
hematopoietic subclusters. Clusters deviating from the diagonal are rare or
absentin the unperturbed scenario. (d) Enrichment of specific CF-KO cells in
three representative aberrant subclusters: Erythroid-perturbed (cluster 26)
and Granulocytic-Perturbed (clusters 45 and 51). (e) Marker genes of aberrant
clusters. (f) Functions specific of the Erythroid-perturbed cluster (26).
P-values were calculated by random sampling asimplemented in the fgseaR
package. (g) Barplots showing the expression levels of selected Chromatin and
Transcription factors. The bars represent the normalized read counts taken
from an RNA-seq dataset®®,
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Extended Data Fig. 6 | Extended analysis of transcriptomic effects of CF-KOs.

(a) Analysis of the effect of Chromatin factor disruption (CF-KOs) on lineage
specific expression patterns, comprising markers and transcription factors
specific for progenitor, Myeloid, Erythroid, Megakaryocytic, Basophil and B-cell
lineages. The color of each dot represents the log2 fold change (compared to
NTCs), the size represents the ~logl0 adjusted p-value, as per key to the bottom
right. P-values were calculated using negative binomial mixed models from the

nebulaR package. All values are shown in Supplementary Table 5. (b) Gene set
enrichment analysis (GSEA) of differentially expressed genes in knockouts of
factors belonging to repressive complexes. The color of each dot represents
normalized enrichment score, the size represents the -log10 adjusted p-value.
P-values were calculated by random sampling as implemented in the fgseaR
package.
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Extended Data Fig. 7 | See next page for caption.
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Extended Data Fig. 7 | Extended analysis of effects of CF-KOs on chromatin
accessibility and TF footprints. (a) MA plots demonstrating differential
accessibility analysis between selected CF-KOs and Control (NTC). Up-and
down-regulated genomic loci are indicated inred and blue, respectively.

(lower panel) Volcano Plots showing the differentially bound TF motifs
(estimated by TOBIAS) between the same CF-KOs and Control (NTC). Gained

and lost footprints are indicated in red and blue, respectively, n=2 independent
experiments. (b) Time-series analysis of chromatin accessibility dynamics under
ex vivo priming conditions at day 3, 5and 7, n=2 independent experiments.

(c) Effect of Kmt2d- and Wdr82-KOs on the differential accessible patterns derived
from the time-series analysis. n=8436,19015, 9383, and 9275 for all conditions
and days in the mid-late, lost, late, and transient clusters, respectively (n=2).
Boxplots display the median and the distribution’s 25th (minima) and 75th
(maxima) percentiles. The whiskers extend up to 1.5 times the interquartile range
(Q3-Ql) from the minima and maxima. (d) Time-series analysis of differentially
bound TF motifs (estimated by TOBIAS) under lineage priming conditions for
Kmt2d-and Wdr82-KOs.
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Extended Data Fig. 8 | Invivo binding patterns of BAF and COMPASS
complexes. (a) CF binding at representative lociin Myeloid (GMP) and Erythroid
(MEP) progenitors. Genomic Coordinates: Cebpa chr7:35,114,878-35,131,210;
Cebpe chr14:54,702,383-54,717,520; Elane chr10:79,871,207-79,893,610 ;

Gfilb chr2:28,585,038-28,624,000; Hbb chr7:103,845,151-103,886,745; Car2
chr3:14,855,264-14,912,573. (b) Heatmaps showing lineage-specific binding
patterns for each CF. (c) Heatmap showing joint analysis of Smarcbl/cBAF and
Brd9/ncBAF binding in Myeloid progenitors (GMPs) and in mature Myeloid cells
(monocytes). This analysis shows that Smarcb1/cBAF has widespread binding
atearly Myeloid stages while Brd9/ncBAF exhibits more presence in mature

Myeloid cells (Monocytes). Strong overlap between cBAF and ncBAF complexes
seems limited to few regions. (d) Representative binding tracks of Smarcbl and
Brd9 binding in GMP and Monocytes at progenitor loci (upper panel) and mature
Myeloid loci (lower panel). (e) TF motif co-occurrence in lineage specific binding
patterns of Smarcbl (cBAF), Brd9 (ncBAF), Kmt2a (MLL) and Kmt2d (MLL4).

TF motifs (discovered with HOMER) are sorted by their odds ratios (y-axis) in
Kmt2a- Kmt2d- Brd9- and Smarcbl- lineage specific peaks: GMP, Mye (GMP &
Monocytes), MEP, Ery (MEP & Erythrocytes) and B-cells. The color scale reflects
the -log10 p-adjusted values for each TF motif.
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Extended Data Fig. 9 | See next page for caption.
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Extended Data Fig. 9 | Extended analysis of Chromatin Factor roles in NpmiIc/
FIt3-ITD Leukemia. (a) UMAP showing original projection of NpmIc/Flt3-ITD
single-cell transcriptomes. (b) UMAP projection of NpmIc/Flt3-ITD single-cell
transcriptomes projected over the Hematopoietic in vivo map derived from
bone marrow at 14-day post-transplant. (c) Scaled CITE-seq signal for 9 surface
markers in leukemic cells. (d) Expression analysis of markers over the different
leukemic clusters. According to their mRNA and Surface marker patterns

these are classified into: Leukemic Stem Cells (LSC), GMP-like, Monocyte-like,
Granulocyte-like, Basophil-like, Megakaryocyte-like and Erythroid-like. Clusters
inred are absentin the unperturbed (NTC) cells. (e) Exemplar sorting strategy

of leukemic subpopulations showing traits of differentiation into Granulocyte

(Gran) or mixed Erythroid-Basophil populations. (f) Enrichment analyses of

all CF-KOs across leukemia subpopulations. Disruption of factors highlighted
inred induce differentiation pathways in leukemia. All values are shown in
Supplementary Tables 6 and 7. (g). Plot showing the abundance of specific
CF-sgRNAs with respect to Control-sgRNAs across the leukemic subclusters.
Subclusters deviating from the diagonal are rare or absent in the unperturbed
scenario. (h) Growth curves of PrmtI- and Prmt5-KO cells, n=3 biologically
independent experiments. The cells expressing each sgRNA harbor a BFP
reporter and, the assay measures the change in the proportion of BFP expressing
cells over time. **P<0.001 (Two Way ANOVA). Error bars are SEM.
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Extended Data Fig. 10 | See next page for caption.

Nature Genetics


http://www.nature.com/naturegenetics

Article

https://doi.org/10.1038/s41588-023-01471-2

Extended Data Fig. 10 | Extended analysis of cBAF, MLL and MLL4 binding
and TF-partnership in NpmIc/Fl¢3-ITD Leukemia. (a) Correlation (spearman)
analysis of CF binding patterns in Myeloid progenitors, Mature myeloid and
leukemic populations. (b-d) Enrichment analysis of Smarcb1-, Kmt2a- and
Kmt2d- bound loci specific of leukemia cells. Bar graphs show enriched terms
across input gene lists, sorted by p-values. Targets connected to leukemia
specific peaks (nearest TSS) were run in Metascape®. Functions with particularly

high relevance for NpmIc/Flt3-ITD leukemia are highlighted in bold. (€) Genome-
browser snapshots showing binding of cBAF/Smarcbl, MLL/Kmt2a and MLL4/
Kmt2d on leukemic specific loci. (f) MA plots showing accessibility changes
after acute depletion of Smarcd2-KO (cBAF), Kmt2a-KO (MLL) and Kmt2d-KO
(MLL4) with respect to Control cells harbouring NTC sgRNAs. Color coding loci
overlapping with Stat5a (red), Runxl(green) and Runx2 (blue).
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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.

Confirmed

IZ The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
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
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

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

|X’ 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)

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 Gjve P values as exact values whenever suitable.

|:| 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

XXX O OO0 000F

|:| 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  No software was used for data collection

Data analysis bcl2fastq (version 2.20)
bowtie2 (version 2.3.4.2)
SAM tools (version 1.3.1)

R (version 4.0.2)

edgeR (version 3.32.1)
edgeR (version 3.34.1)
limma (version 3.46.0)
FlowJo (version 10.8.0)
FlowJo (version 10.8.1)
CellRanger (version 6.1.1)
Seurat (version 4.0.0)
Monocle 3 (version 0.2.3.0)
CytoTRACE (version 0.3.3)
SingleR (version 1.4.1)
ProjectTILs (version 2.0.2)
Scanpy (version 1.9.1)

Trim Galore (version 0.6.6)
Cutadapt (version 3.4)
ENCODE blacklist (version 2.0)

Lc0c Y21o




bamCoverage (version 3.5.1)

BEDTools (version 2.27.1)

MACS (version 2.2.7.1)

HOMER (version 4.10)

featureCounts (version 2.0.1)

DESeq2 (version 1.32.0)

TOBIAS (version 0.13.2)

Prism (GraphPad software; version 9.1)

nebula (version 1.1.8)

Custom code can be found here https://github.com/csbg/tfcf

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 and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio 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
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

Data and Materials Availability:

Bulk Expression patterns of hematopoietic populations: Lara-Astiaso et al, Science 2012 (52), GEO accession (GSE60103)
Single-cell expression patterns of hematopoiesis: 1zzo et al, Nat Genetics 2020 (45), GEO accession (GSE124822)
Perturb-seq datasets: in vivo, ex vivo and leukemic: GEO accession (GSE213511)

Chromatin accessibility of CF-KOs: GEO accession (GSE213506)

ChIP-seq datasets of CFs in vivo, ex vivo and leukemic: GEO accession (GSE213507)

Databases used in this study:
GRCmM38/mm10 reference genome assembly (GENCODE vM23/Ensembl 98)

Human research participants

Policy information about studies involving human research participants and Sex and Gender in Research.

Reporting on sex and gender No human samples were used in the study

Population characteristics No human samples were used in the study
Recruitment No human samples were used in the study
Ethics oversight No human samples were used in the study

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.
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Life sciences study design

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

Sample size No sample size calculation was used. 2 biologically independent experimental replicates were performed for ChiP-seq and ATAC-seq profiling,
this is a common standard in the field.
For the validation of CRISPR screen hits in normal and leukemia, a minimum of 3 biologically independent replicates were used, we believe
this number provides strong robustness, especially when these results validate other orthogonal findings (CRISPR screens and functions
derived from binding patterns).
In the Perturb-seq screens, we designed our experiments to assay on average 100 cells / CF-KO, which is an established standard in the field.

Data exclusions  Perturb-seq Analysis:
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Data exclusions  To avoid spurious results arising from undersampling, we removed cell clusters with less than 31 cells and genes with less than 21 reads,
which represent very small clusters and lowly sampled genes. These cutoffs were based on our exploratory analysis of the data and match the
criteria used in seminal studies using perturbation screens (Replogle et al Cell, 185,14, July 2022)

Replication CRISPR screens and validation of candidates:
- Screens were performed in 2 replicates at a 500X CRISPR library coverage
- Validation of the effects of hits derived from the screens was performed in replicates of at least 3 independent experiments.
- Validation experiments were reproducible and confirmed the patterns derived from the bulk screens

In vivo Perturb-seq.

- Experiments were performed in different batches with all showing similar values for donor engraftment and transduction efficiency.

- We analysed the unperturbed patterns (cells with Non-Targeting Control guides) across batches. Batches where cells with Non-Targeting
Control guides showed different trends were discarded.

- For the 40 top CF regulators including members of the COMPASS, BAF NurD and Repressors presented in the main figures we performed
replicate experiments, which recapitulated the initial Perturb-seq patterns.

ATAC-seq of CF-KOs: All experiments were conducted in 2 replicates. All attempts of replication were successful
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Leukaemia Perturb-seq.

- Experiments were performed in different batches with all showing similar values for transduction efficiency

- We analysed the unperturbed patterns (cells with Non-Targeting Control guides) across batches. Batches where cells with Non-Targeting
Control guides showed different trends were discarded.

- For the 20 top CF regulators including members of the COMPASS, BAF NurD and Repressors presented in the main figures we performed
replicate experiments, which recapitulated the initial Perturb-seq patterns.

ChIP-seq: All experiments were conducted in 2-3 replicates except for Kmt2d, Kmt2a ChlIP-seq in early progenitors (GMPs and MEPs)
All attempts of replication were successful except for a failed ChIP-seq for Smarcb1 in MEPs that was discarded due to having low signal-to-
noise.

Growth assays in CF-KOs: All experiments were conducted in 3-4 replicates. All attempts of replication were sucessful
FACS validation of chromatin factor perturbation were performed in at least 2 replicates.

Randomization  Allocation of animals for the bulk and Perturb-seq screens was randomized (using always even numbers of males and females in each
experimental condition)
We have used bulk and single-cell (perturb-seq) to study the roles of chromatin factors in hematopoiesis and leukaemia. Our perturbations
were performed in the same cell population (hematopoietic progenitors) producing a pool of different CF mutant cells. The generation of such

pool of CF mutants is already a random process, thus we don't need further randomizaton

Blinding CF-KOs and NTC controls were analyzed side by side and the experimental groups (specific CF-KOs) were experimentally determined based on
the expression of gRNAs (and not assigned a priori). Thus, as groups are defined by the data, investigators could not be blinded.

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.

Materials & experimental systems Methods

n/a | Involved in the study n/a | Involved in the study

] Antibodies ] ChiP-seq

|:| Eukaryotic cell lines |:| Flow cytometry

|:| Palaeontology and archaeology |:| MRI-based neuroimaging
|:| |Z Animals and other organisms

XI|[] Clinical data

X |:| Dual use research of concern

Antibodies

Antibodies used SMARCB1/BAF47 (D8M1X) Rabbit mAb Cell Signalling 91735 Lot 2
Anti-BRD9 antibody Abcam ab137245 Lot GR3372527-6
Anti-KMT2D antibody produced in rabbit Sigma HPA035977
Anti-Kmt2a MLL1 Antibody Bethyl A300-086A Lot 6
1gG Rabbit IgG, polyclonal - Isotype Control (ChIP Grade) 100 ug Abcam ab171870
Anti-Stat5a Recombinant Anti-STATSa antibody [E289] Abcam ab32043 Lot GR3238474-7
Anti-Cebpa Abcam ab40764 Lot GR4228581-2
Anti-Cebpe Sigma-Aldrich HPA002928
Anti-CD45R/B220 BV510 RA3-6B2 BiolLegend ref 103247
Anti-CD3e BV510 145-2C11 BiolLegend ref 100233

07 Y2ID




Anti-CD11b BV510 M1/70 BioLegend ref 101263
Anti-CD11b PECy7 M1/70 BioLegend ref 101215
Anti-Grl BV510 RB6-8C5 BiolLegend ref 108437
Anti-Ter119 BV510 Ter-119 BiolLegend ref 116237
Anti-CD16/32 (FcgR-I1l) PercPCy5.5 93 Biolegend ref 101323
Anti-CD34 FITC RAM34 Invitrogen ref 11-0341-82
Anti-CD41 APCCy7 MWReg30 BiolLegend ref 133927
Anti-CD45.1 PECy7 A20 BiolLegend ref 110730
Anti-CD45.2 APC/Fire750 104 BioLegend ref 109852
Anti-CD55 PE RIKO-3 BiolLegend ref 131803

CD117 (c-kit) APC 2B8 BioLegend ref 105812

Anti-Scal PE D7 BiolLegend ref 108107

Anti-CD11b Total-Seq B M1/70 Biolegend ref 101273
Anti-Ly6C Total-Seq B HK1.4, Biolegend ref 128053
Anti-CD115 Total-Seq B AFS98, Biolegend ref 135543
Anti-CD14 Total-Seq B Sal4-2, Biolegend ref 123341
Anti-CD150 Total-Seq B TC15-12F12.2, Biolegend ref 115951
Anti-CD48 Total-Seq B HM48-1, Biolegend ref 103457
Anti-CD34 Total-Seq B SA376A4, Biolegend ref 152213
Anti-CD117 Total-Seq B 2B8 Biolegend ref 105849
Anti-CD55 Total-Seq B RIKO-3 Biolegend ref 131817
Anti-CD41 Total-Seq B MWReg30 Biolegend ref 133941
Anti-CD326 Total-Seq B G8.8 Biolegend ref 118247
Anti-FceRl Total-Seq B Mar-01 Biolegend ref 134341
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Validation SMARCB1/BAF47 (D8M1X) Rabbit mAb Cell Signalling 91735 Lot 2
Validated by the supplier (Cell Signalling):
Product Usage Information.
For optimal ChIP and ChIP-seq results, use 10 pl of antibody and 10 pg of chromatin (approximately 4 x 106 cells) per IP. This
antibody has been validated using SimpleChIP® Enzymatic Chromatin IP Kits.

Anti-BRD9 antibody Abcam ab137245 Lot GR3372527-6

Validation:

1) We compared the binding pattern obtained with this antibody to the Brd9 antibody provided by Active Motif (https://
www.activemotif.com/catalog/details/61537/brd9-antibody-pab currently discontinued) and found a strong correlation between
both patterns

2) Used for ChIP-seq in the following publication.

Inoue D et al. Spliceosomal disruption of the non-canonical BAF complex in cancer

Nature. 2019 October ; 574(7778): 432—436.

Anti-KMT2D antibody produced in rabbit Sigma HPA035977

Validation:

- Used for ChIP-seq in:

Zhang J et at. Disruption of KMT2D perturbs germinal center B cell development and promotes lymphomagenesis.
Nature Medicine October 2015

Kmt2a MLL1 Antibody Bethyl A300-086A Lot 6

Validation:

- Used for ChIP-seq in 20 publications (see https://www.citeab.com/antibodies/654488-a300-086a-rabbit-anti-mll1-antibody-affinity-
purifie) amongst them:

Schworer, S., et al. Epigenetic stress responses induce muscle stem-cell ageing by Hoxa9 developmental signals.

Nature on 15 December 2016

1gG Rabbit 1gG, polyclonal - Isotype Control (ChIP Grade) 100 ug Abcam ab171870
- Validated by the provider (abcam)

Stat5a Recombinant Anti-STAT5a antibody [E289] Abcam ab32043 Lot GR3238474-7

- Used for ChIP-seq in 2 publications

He, L., et al. Local blockage of self-sustainable erythropoietin signaling suppresses tumor progression in non-small cell lung cancer.
Oncotarget on 10 October 2017

Lee, K. M., et al. Inhibition of STATS5A promotes osteogenesis by DLX5 regulation.

Cell Death & Disease on 14 November 2018
https://www.citeab.com/antibodies/775960-ab32043-anti-stat5a-antibody-e289?des=3bc20e5fb5095dd9

Cebpa Abcam ab40764

- Used for ChIP-seq in 4 publications (below are the two most recent)

Qin, Y., Grimm, S. A,, et al. Alterations in promoter interaction landscape and transcriptional network underlying metabolic
adaptation to diet

Nature Communications on 19 February 2020

Yao, S., Wu, D., et al. Hypermethylation of the G protein-coupled receptor kinase 6 (GRK6) promoter inhibits binding of C/EBPa, and
GRK6 knockdown promotes cell migration and invasion in lung adenocarcinoma cells.

FEBS Open Bio on 1 April 2019

Lc0c Y21o

Anti-CD45R/B220 BV510 RA3-6B2 BiolLegend ref 103247
Validation:




- Used in several publications (see https://www.biolegend.com/ja-jp/products/brilliant-violet-510-anti-mouse-human-cd45r-b220-
antibody-7996) amongst them:

Hutter K et al. The miR-15a/16-1 and miR-15b/16-2 clusters regulate early B cell development by limiting IL-7 receptor expression.
Front Immunol. 2022 Aug 25;13:967914.

Anti-CD3e BV510 145-2C11 BiolLegend ref 100233

Validation:

- Used in several publications (see https://www.biolegend.com/ja-jp/products/brilliant-violet-510-anti-mouse-cd3-antibody-7990)
amongst them:

Shen E et al. Control of Germinal Center Localization and Lineage Stability of Follicular Regulatory T Cells by the Blimp1 Transcription
Factor.

Cell Rep. 2019 Nov 12;29(7):1848-1861.e6.

Anti-CD11b BV510 M1/70 BioLegend ref 101263

Validation:

- Used in several publications (see https://www.biolegend.com/ja-jp/products/brilliant-violet-510-anti-mouse-human-cd11b-
antibody-7993) amongst them:

Ramakrishna C et al. Bacteroides fragilis polysaccharide A induces IL-10 secreting B and T cells that prevent viral encephalitis.
Nat Commun. 2019 May 14;10(1):2153.

Anti-CD11b PECy7 M1/70 BioLegend ref 101215

Validation:

- Used in several publications (see https://www.biolegend.com/ja-jp/products/pe-cyanine7-anti-mouse-human-cd11b-
antibody-1921) amongst them:

Hatzi K et al. Histone demethylase LSD1 is required for germinal center formation and BCL6-driven lymphomagenesis.
Nat Immunol. 2019 Jan;20(1):86-96.

Anti-Grl BV510 RB6-8C5 BiolLegend ref 108437

Validation:

- Used in several publications (see https://www.biolegend.com/en-us/products/brilliant-violet-510-anti-mouse-ly-6g-ly-6¢-gr-1-
antibody-8614) amongst them:

Liu Y et al. Rapid acceleration of KRAS-mutant pancreatic carcinogenesis via remodeling of tumor immune microenvironment by
PPARS.

Nat Commun. 2022 May 13;13(1):2665.

Anti-Ter119 BV510 Ter-119 BiolLegend ref 116237

Validation:

- Used in several publications (see https://www.biolegend.com/en-us/products/brilliant-violet-510-anti-mouse-ter-119-erythroid-
cells-antibody-8243) amongst them:

Yamaguchi A et al. Blockade of the interaction between BMP9 and endoglin on erythroid progenitors promotes erythropoiesis in
mice.

Genes Cells. 2021 Oct;26(10):782-797.

Anti-CD16/32 (FcgR-11) PercPCy5.5 93 Biolegend ref 101323

Validation:

- Used in several publications (see https://www.biolegend.com/ja-jp/products/percp-cyanine5-5-anti-mouse-cd16-32-antibody-6165)
amongst them:

Viny AD et al. Cohesin Members Stagl and Stag2 Display Distinct Roles in Chromatin Accessibility and Topological Control of HSC Self-
Renewal and Differentiation.

Cell Stem Cell. 2019 Nov 7;25(5):682-696.€8.

Anti-CD34 FITC RAM34 Invitrogen ref 11-0341-82

Validation:

- Used in several publications (see https://www.thermofisher.com/antibody/product/CD34-Antibody-clone-RAM34-
Monoclonal/11-0341-82) amongst them:

Wilkinson AC et al. Long-term ex vivo haematopoietic-stem-cell expansion allows nonconditioned transplantation.
Nature. 2019 Jul;571(7763):117-121.

Anti-CD41 APCCy7 MWReg30 BiolLegend ref 133927

Validation:

- Used in several publications (see https://www.biolegend.com/ja-jp/products/apc-cyanine7-anti-mouse-cd41-antibody-13014)
amongst them:

Al-Rifai R et al. JAK2V617F mutation drives vascular resident macrophages toward a pathogenic phenotype and promotes dissecting
aortic aneurysm.

Nat Commun. 2022 Nov 3;13(1):6592.

Anti-CD45.1 PECy7 A20 BiolLegend ref 110730

Validation:

- Used in several publications (see https://www.biolegend.com/ja-jp/products/pe-cyanine7-anti-mouse-cd45-1-antibody-4917)
amongst them:

Garo LP et al. MicroRNA-146a limits tumorigenic inflammation in colorectal cancer.

Nat Commun. 2021 Apr 23;12(1):2419.

Anti-CD45.2 APC/Fire750 104 BioLegend ref 109852
Validation:
- Used in several publications (see https://www.biolegend.com/ja-jp/products/apc-fire-750-anti-mouse-cd45-2-antibody-13589)
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amongst them:
Formaglio P et al. Nitric oxide controls proliferation of Leishmania major by inhibiting the recruitment of permissive host cells.
Immunity. 2021 Dec 14;54(12):2724-2739.e10.

Anti-CD55 PE RIKO-3 BiolLegend ref 131803

Validation:

- Used in several publications (see https://www.biolegend.com/ja-jp/products/pe-anti-mouse-cd55-daf-antibody-5514) amongst
them:

Camps J et al. Interstitial Cell Remodeling Promotes Aberrant Adipogenesis in Dystrophic Muscles.

Cell Rep. 2020 May 5;31(5):107597.

CD117 (c-kit) APC 2B8 BioLegend ref 105812

Validation:

- Used in several publications (see https://www.biolegend.com/ja-jp/products/apc-anti-mouse-cd117-c-kit-antibody-72) amongst
them:

Lawson H et al. CITED2 coordinates key hematopoietic regulatory pathways to maintain the HSC pool in both steady-state
hematopoiesis and transplantation.

Stem Cell Reports. 2021 Nov 9;16(11):2784-2797.

Anti-Scal PE D7 BiolLegend ref 108107

Validation:

- Used in several publications (see https://www.biolegend.com/ja-jp/products/pe-anti-mouse-ly-6a-e-sca-1-antibody-228) amongst
them:

Tran NT et al. Efficient CRISPR/CasS-Mediated Gene Knockin in Mouse Hematopoietic Stem and Progenitor Cells.

Cell Rep. 2019 Sep 24;28(13):3510-3522.€5.

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s)

Authentication

HEK 293T (Sigma, 12022001-DNA-5UG)

Purchased from the provider (Sigma) as an autheticated cell line. We did not performed any further authetication and used
early passages (p< 8) were used for lentivirus production.

Mycoplasma contamination Cell lines were tested negative for Mycoplasma

Commonly misidentified lines  No commonly misidentified cells were used

(See ICLAC register)

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in

Research

Laboratory animals

Wild animals

Reporting on sex

Field-collected samples

C57BL/6J (Jackson Laboratory #JAX_000664)
Age: 12-14 weeks
Sex: Equal numbers of males and females

Gt(ROSA)26Sortm1.1(CAG-cas9*/EGFP)Rsky (Jackson Laboratory #JAX_026179)
Age: 12-15 weeks
Sex: Equal numbers of males and females

B6.SJL-Ptprca Pepcb/Boyl) (CD45.1) (Jackson #002014)
Age: 12 weeks
Sex: Equal numbers of males and females

Npm1c/FIt3ITD/Cas9 (Huntly lab) - Primary leukemic cells obtained from bone-marrow tumours were derived from this strain.
Age: 12 weeks
Sex: Female

Murine ethical compliance was fulfilled under the Guidelines of the Care and Use of Laboratory Animals and were approved by the
Institutional Animal Care and Use Committees at University of Navarra, Spain, and the Animal Welfare Ethical Review Body at the
University of Cambridge, UK. Research in the UK was conducted under Home Office license PP3042348.

The study does not involve wild animals

Equal numbers of female and males were used to:
- Obtain Haematopoietic progenitors for Bulk CRISPR screens and Perturb-seq experiments
- Isolate cell populations for ChIP-seq

The study does not involve field-collected samples
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Ethics oversight All animal procedures were completed in accordance with the Guidelines of the Care and Use of Laboratory Animals and were
approved by the Institutional Animal Care and Use Committees at University of Navarra, Spain, and the Animal Welfare Ethical
Review Body at the University of Cambridge, UK.

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

Replicates

Sequencing depth

Antibodies

Peak calling parameters

Data quality

Every ChIP seq analysis was performed with two replicate independent ChlP-seq experiments except for Kmt2a and Kmt2d ChIP-seq
in myeloid and erythroid progenitors, where due to the difficulty of getting enough cells numbers the analysis of Brd9 and Smarcb1
ChIP-seq patterns was prioritised.

GEO name Total Reads Aligned reads after trimming, mapping, removing duplicates and blacklisted peeaks
Kmt2a-DM_repl 71556716 52135927
Kmt2a-DM_rep2 20458692 16266441
Kmt2a-exvivoMonocytes_repl 69985617 41947055
Kmt2a-exvivoMonocytes_rep2 12682223 9845731
Kmt2a-Ery 82954531 56071969

Kmt2a-GMP 73167956 53421804

Kmt2a-MEP 97640262 70833084

Kmt2a-Bcell 67491226 44742639
Kmt2a-Monocytes_repl 32369273 25607927
Kmt2a-Monocytes_rep2 34539498 26022063
Kmt2d-exvivoMonocytes_repl 41825984 26001792
Kmt2d-exvivoMonocytes_rep2 44949940 24358640
Kmt2d-exvivoMonocytes_rep3 72158751 48488577
Kmt2d-DM_repl 25995989 16107654
Kmt2d-DM_rep2 90366626 59794611
Kmt2d-GMP 116393335 63951963

Kmt2d-MEP 43313559 65504507

Kmt2d-Ery_repl 35064637 20413963
Kmt2d-Ery_rep2 37652595 22496310
Kmt2d-Beell 38868015 23667460
Kmt2d-Monocytes_repl 27979280 19401634
Kmt2d-Monocytes_rep2 23938072 16373041
Smarcbl-exvivoMonocytes_repl 52835039 32356601
Smarcbl-exvivoMonocytes_rep2 41122100 29455975
Smarcbl-exvivoMonocytes_rep3 44557784 27003578
Smarcb1-DM_repl 42890145 28328521
Smarcb1-DM_rep2 104296115 75890008
Smarcb1-GMP 92342249 58562130
Smarcb1-MEP 46733792 24150364
Smarcb1-Monocytes_repl 20789867 14779534
Smarcb1-Monocytes_rep2 26354572 18880512
Smarcbl-Ery 18975965 13336679
Brd9-DM_repl 65031476 43919123
Brd9-DM_rep2 95350112 67667153
Brd9-exvivoMonocytes 27240753 19317290
Brd9-GMP_repl 52193534 36246200
Brd9-GMP_rep2 23607799 16429228
Brd9-MEP_repl 62518967 46671329
Brd9-MEP_rep2 24865443 18494644
Brd9-MEP_rep3 40688029 28876910
Brd9-Ery_repl 17103452 11946664
Brd9-Ery_rep2 24144295 16847147
Brd9-Monocytes_repl 26536687 18426771
Brd9-Monocytes_rep2 26333906 19067019
Brd9-Bcell 14051972 9065470

Stat5a-DM 63783822 30893003
Stat5a-exvivoMonocytes 54541020 23981871

SMARCB1/BAF47 (D8M1X) Rabbit mAb Cell Signalling 91735 Lot 2

Anti-BRD9 antibody Abcam ab137245 Lot GR3372527-6

Anti-KMT2D antibody produced in rabbit Sigma HPA035977

Kmt2a MLL1 Antibody Bethyl A300-086A Lot 6

1gG Rabbit IgG, polyclonal - Isotype Control (ChIP Grade) 100 ug Abcam ab171870
Stat5a Recombinant Anti-STAT5a antibody [E289] Abcam ab32043 Lot GR3238474-7
Runx1 abcam ab23980 lot GR3213439-2

Runx2 abcam ab236639 lot GR3388032-15

Cebpa Abcam ab40764

CEBPE Sigma-Aldrich HPA002928

ChlP-seq reads were aligned to the GRCm38/mm10 reference genome assembly using Bowtie version 2.3.4.2 with parameters -X
1000 --no-discordant --no-mixed --very-sensitive. Peaks were called using MACS v2.2.7.1 with parameters -f BAMPE--keep-dup all
and I1gG as control.

We followed the ChIP-seq nf-core pipeline. ChIP-seq reads were trimmed with default parameters using Trim Galore with Cutadapt.
ChlP-seq reads were aligned to the GRCm38/mm10 reference genome assembly using Bowtie with parameters -X 1000 --no-
discordant --no-mixed --very-sensitive.
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ChlP-seq

Data deposition
Confirm that both raw and final processed data have been deposited in a public database such as GEO.

g Confirm that you have deposited or provided access to graph files (e.g. BED files) for the called peaks.

Data access links ChlIP-seq datasets of CFs in vivo, ex vivo and leukaemic: GEO accession (GSE213507)
May remain private before publication.  To review GEO accession GSE213513:

Go to https://www.ncbi.nIm.nih.gov/geo/query/acc.cgi?acc=GSE213513

Enter token whufyuosxjirrgx into the box

Files in database submission GSM6588342 Smarcb1-GMP
GSM6588343 Smarcb1-MEP
GSM6588344 Smarcb1-Ery
GSM6588345 Smarcb1-Monocytes_repl
GSM6588346 Smarcb1-Monocytes_rep2
GSM6588347 Smarcbh1-exvivoMonocytes_repl
GSM6588348 Smarcb1-exvivoMonocytes_rep2
GSM6588349 Smarcb1-exvivoMonocytes_rep3
GSM6588350 Smarch1-DM_repl
GSM6588351 Smarch1-DM_rep2
GSM6588352 Brd9-GMP_repl
GSM6588353 Brd9-GMP_rep2
GSM6588354 Brd9-MEP_repl
GSM6588355 Brd9-MEP_rep2
GSM6588356 Brd9-MEP_rep3
GSM6588357 Brd9-Ery_repl
GSM6588358 Brd9-Ery_rep2
GSM6588359 Brd9-Bcell
GSM6588360 Brd9-Monocytes_repl
GSM6588361 Brd9-Monocytes_rep2
GSM6588362 Brd9-exvivoMonocytes
GSM6588363 Brd9-DM_repl
GSM6588364 Brd9-DM_rep2
GSM6588365 Kmt2d-GMP
GSM6588366 Kmt2d-MEP
GSM6588367 Kmt2d-Ery_repl
GSM6588368 Kmt2d-Ery_rep2
GSM6588369 Kmt2d-Bcell
GSM6588370 Kmt2d-Monocytes_repl
GSM6588371 Kmt2d-Monocytes_rep2
GSM6588372 Kmt2d-exvivoMonocytes_repl
GSM6588373 Kmt2d-exvivoMonocytes_rep2
GSM6588374 Kmt2d-exvivoMonocytes_rep3
GSM6588375 Kmt2d-DM_repl
GSM6588376 Kmt2d-DM_rep2
GSM6588377 Kmt2a-GMP
GSM6588378 Kmt2a-MEP
GSM6588379 Kmt2a-Ery
GSM6588380 Kmt2a-Bcell
GSM6588381 Kmt2a-Monocytes_repl
GSM6588382 Kmt2a-Monocytes_rep2
GSM6588383 Kmt2a-exvivoMonocytes_repl
GSM6588384 Kmt2a-exvivoMonocytes_rep2
GSM6588385 Kmt2a-DM_repl
GSM6588386 Kmt2a-DM_rep2
GSM6588387 Stat5a-exvivoMonocytes
GSM6588388 Stat5a-DM
GSM6588389 1gG-DM
GSM6588390 IgG-exvivoMonocytes_repl
GSM6588391 IgG-exvivoMonocytes_rep2

Genome browser session https://genome.ucsc.edu/s/julenm/Lara-Astiaso_et_al
(e.g. UCSC)
We removed duplicated regions with Picard Tools and filtered out ENCODE blacklist regions and non-interesting chromosomes.
We pooled replicates.
Peaks were called using MACS with parameters -f BAMPE--keep-dup all.
Peaks at FDR 5% and above 5-fold enrichment vs IgG:

GMP_Smarcb1_ChIP11_peaks.narrowPeak 17325
MEP_Smarcb1_ChIP12_peaks.narrowPeak 5453
Leukaemia_Smarcb1_peaks.narrowPeak 15777
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Exvivo-Mono_Smarcb1_peaks.narrowPeak 16333
Mono_Smarcb1_peaks.narrowPeak 11194
Ery_Smarcb1_peaks.narrowPeak 30

GMP_Brd9_peaks.narrowPeak 5124
MEP_Brd9_peaks.narrowPeak 8371
Exvivo-Mono_Brd9_peaks.narrowPeak 11648
Mono_Brd9 peaks.narrowPeak 11719
Bcell_Brd9_peaks.narrowPeak 3118
Ery_Brd9_peaks.narrowPeak 2168

GMP_Kmt2d_peaks.narrowPeak 22114
MEP_Kmt2d_peaks.narrowPeak 3111
Leukaemia_Kmt2d_peaks.narrowPeak 29038
Exvivo-Mono_Kmt2d_peaks.narrowPeak 18123
Mono_Kmt2d-merged_peaks.narrowPeak 7567
Bcell_Kmt2d_peaks.narrowPeak 8285
Ery_Kmt2d_peaks.narrowPeak 1266
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GMP_Kmt2a_peaks.narrowPeak 33869
MEP_Kmt2a_peaks.narrowPeak 28581
Leukaemia_Kmt2a_peaks.narrowPeak 17532
Exvivo-Mono_Kmt2a_peaks.narrowPeak 12585
Mono_Kmt2a_peaks.narrowPeak 1346
Ery_Kmt2a_peaks.narrowPeak 5413
Bcell_Kmt2a_peaks.narrowPeak 13741

Leukaemia_Stat5a_peaks.narrowPeak 26878
Exvivo-Mono_Stat5a_peaks.narrowPeak 16857

Software Trim Galore v0.6.6
Cutadapt v3.4
Bowtie v2.3.4.2
Picard v2.25.4
ENCODE blacklist regions v2.0
MACSv2.2.7.1
Code is available at https://github.com/csbg/tfcf/tree/main/ATAC_ChIP/ChIP

Flow Cytometry

Plots

Confirm that:
|Z| The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

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).
g All plots are contour plots with outliers or pseudocolor plots.

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

Methodology

Sample preparation Sorting of haematopoietic progenitors for Exvivo CRISPR Screens
Femora, tibiae, ilia, humerus, sternum and scapula were harvested from 12-14 week old C57BL/6J and ROSAxCas9 mice
(equal ratio of males and females), crushed with a pestle and mortar using cold (4 2C) autoMACS Running Buffer and filtered
through a 70 uM strainer. Red Blood Cells were lysed using RBC Lysis Buffer and c-Kit+ cells were enriched using mouse
CD117 magnetic beads (Miltenyi) , following the manufacturer’s protocol. The c-Kit enriched fraction was stained with anti-
Lineage (B220, CD3, CD11b, Grl, Ter-119), anti-CD117 (cKit) and PE anti-Scal. Lin-/cKit+/Scal+ hematopoietic progenitors
cells (LSKs) were FACS-sorted in 1 mL of DMEM/F12 + 1X Pen/Strep.

Ex vivo CRISPR FACS Readouts.

Cultures were harvested by centrifugation at 300 g for 5 minutes and washed twice with 1X cold PBS. Then the cell pellets
were stained with the Readout specific cocktails (see below) plus a viability marker (TOPRO or Propidium lodide). Viable BFP+
cells (containing CRISPR guides) were gated from Cas9 (GFP+) and Non-Cas9 (GFP-) fractions and, from each fraction the
readout populations (see below) were sorted in 1.5 mL tubes containing PBS + 0.1% BSA.

In vivo CRISPR Screens
Femora, tibiae, ilia, humerus, sternum and scapula were harvested from bone marrow transplanted B6.SJL-Ptprca Pepcb/
BoyJ (CD45.1), crushed with a pestle and mortar using cold (4 2C) autoMACS Running Buffer and filtered through a 70 uM




Instrument

Software

Cell population abundance

Gating strategy

strainer. Red Blood Cells were lysed using RBC Lysis Buffer and c-Kit+ cells were enriched using mouse CD117 magnetic beads
(Miltenyi) , following the manufacturer’s protocol. The purified cKit+ fraction was stained with TOPRO (viability), anti-Lineage
(CD3, CD19, Ter119, CD11b, Grl) and anti-CD117 (cKit) antibodies. For single-cell RNAseq we FACS-sorted 200,000 viable
(TOPRO-), GFP+ (Cas9), BFP+ (sgRNA) cells from Lineage- and Lineage+/cKit+ fractions and processed each of them in a 10X
single-cell RNA-seq partition aiming at a final coverage of 500 single-cells per sgRNA.

Isolation of in vivo hematopoietic cells for ChIP-seq.

Murine haematopoietic cells were harvested from 12-14 week old C57BL6 mice (balanced numbers of males and females) as
described above and stained for the isolation of:

GMP: Lineage (CD3, CD19, CD11b, Gr1, Ter119, B220)-, cKit+, Sca-1-, FcgRIll+, CD34+

MEP: Lineage (CD3, CD19, CD11b, Gr1, Ter119, B220)-, cKit+, Sca-1-, FcgRIll-, CD34-

Monocytes: CD3-, CD19-, Ter119-, CD11b+

B-cell: CD3-, CD19+, Ter119-, CD11b-

Erythroid cells were FACS-sorted from spleens of 12 week-old C57BL6 mice as: CD3-, CD19-, Ter119+, CD11b-, Gril-.

Cells were sorted in PBS + 0.1% BSA and crosslinked immediately after sorting

Analysis of leukaemic populations exvivo.

Npm1c/FIt3-ITD/Cas9 double mutant (DM) cells were generated from lineage-depleted, bone marrow cells of primary
transgenic mice post-leukemic onset. Cells were maintained in XVIVO-20 medium (Lonza) supplemented with 5% Fetal
Bovine Serum (FBS) (ThermoFisherScientific), 1% PSG (Gibco), murine SCF 50 ng/mL (PeproTech), murine IL-3 10 ng/mL
(PeproTech) and murine 1L-6 10 ng/mL (R&D Systems), in a 370C and 5% CO2 atmospheric environment. Npm1c/FIt3-ITD/
Cas9 double mutant (DM) cells were passaged every 2 days and cultured for short time (passage 3-5) to maintain the original
leukaemic properties.

For FACS analysis, cells were washed twce with ice-cold PBS and stained with:

CD11b (PE-Cy7 conjugated; clone M1/70; BD Biosciences),

Gr-1 (Ly6G/Ly6C; APC-Cy7 conjugated; RB6-8C5 clone; BD Biosciences),

CD55 (PE-conjugated; clone RIKO-3; Biolegend),

CD41 (APC-conjugated; clone MWReg30; Biolegend) and

CD34 (FITC-conjugated; clone RAM34; BD Bioscience).

Gran-like (CD11b-high/Gr-1+); Ery/Baso-like (CD55-high/CD41-) and CD34+ fractions were subsequently FACS-sorted (BD
Influx; BD Bioscience)

BD LSR Fortessa II; BD Biosciences
BD Influx; BD Bioscience

FlowJo (version 10.8.0)

The purity of the post sorting fractions was further characterized with scRNA-seq

LSK purificaton

1- Exclude doublets

2- Remove debris

3- Gate Lineage-negative cells

4- Gate ckit-positive, Scal-positive

FACS Readouts in CRISPR screens (Progenitor vs Differentated):
1- Exclude doublets

2- Remove debris

3- Gate GFP-positive (Cas9), BFP-ckit-positive, Scal-positive

4- Gate Lineage-negative cells

5- Gate:

a) ckit-positive, Scal-positive = Multipotent Progenitors

b) ckit-positive, Scal-negative = Differentiated

FACS Readouts in CRISPR screens (Myeloid vs Mega-erythroid)
1- Exclude doublets

2- Remove debris

3- Gate GFP-positive (Cas9), BFP-ckit-positive, Scal-positive

4- Gate Lineage-negative cells

5- Gate ckit-positive, Scal-negative

6- Gate:

a) FcgR-1ll positive = Myeloid progenitors

b) FcgR-1ll negative = Mega-erythroid progenitors

FACS Readouts in CRISPR screens (Myeloid vs non-myeloid)
1- Exclude doublets

2- Remove debris

3- Gate GFP-positive (Cas9), BFP-positive (sgRNA)

4- Gate:

a) FcgR-11l positive, CD11b-postive = Myeloid fraction

b) FcgR-1ll negative, CD11b-negative = Non-myeloid

FACS Readouts in CRISPR screens (Terminal myeloid differentiation)
1- Exclude doublets
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2- Remove debris

3- Gate GFP-positive (Cas9), BFP-positive (sgRNA)

4- Gate:

a) Grl-positive, CD11b-postive = Mature Myeloid cells
b) Gri-negative, CD11b-negative = Myeloid progenitors

FACS-sorting for in vivo Perturb-seq

1- Exclude doublets

2- Gate viable cells

3- Gate BFP-positive (CRISPRed cells)

4- Gate:

a) Lineage-negative= Lin-negative fraction

b) Lineage-positive, ckt-positive= Lin-neg/ckit-pos fraction

FACS-sorting for isolation of leukemic cells
1- Exclude doublets

2- Gate viable cells

3- Gate Lineage-negative cells
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FACS-sorting for Perturb-seq in Leukemia
1- Exclude doublets

2- Gate viable cells

3- Gate BFP-positive (CRISPRed cells)

Exemplar FACS plots can be found in the Supplementary Materials

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