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e Base-editing screens map variant effects in relevant
hematopoietic cell types

e Hematopoietic stem cell screens could enable improved
anti-CD33 leukemia therapy

e Screens identify non-coding variants that modulate fetal
hemoglobin expression

e Single-cell readouts dissect variant pathogenicity and
impact on differentiation
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In brief

Genomic screening of hematopoietic
stem and progenitor cells is
accomplished at large scale by
combining base editor-mediated gene
perturbation with functional and
sequencing readouts, and it enables
interrogation of diverse aspects of blood
cell biology and cellular engineering.
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SUMMARY

Systematic evaluation of the impact of genetic variants is critical for the study and treatment of human phys-
iology and disease. While specific mutations can be introduced by genome engineering, we still lack scalable
approaches that are applicable to the important setting of primary cells, such as blood and immune cells.
Here, we describe the development of massively parallel base-editing screens in human hematopoietic
stem and progenitor cells. Such approaches enable functional screens for variant effects across any hemato-
poietic differentiation state. Moreover, they allow for rich phenotyping through single-cell RNA sequencing
readouts and separately for characterization of editing outcomes through pooled single-cell genotyping.
We efficiently design improved leukemia immunotherapy approaches, comprehensively identify non-coding
variants modulating fetal hemoglobin expression, define mechanisms regulating hematopoietic differentia-
tion, and probe the pathogenicity of uncharacterized disease-associated variants. These strategies will
advance effective and high-throughput variant-to-function mapping in human hematopoiesis to identify
the causes of diverse diseases.

INTRODUCTION including systematic studies of the roles of amino acids

across coding regions, the consequences of mutations near

An urgent need for the study of human physiology and disease is
the ability to efficiently introduce large numbers of specific sin-
gle-base substitutions in endogenous loci in primary human
cells.” This ability would enable, in the context of natural regula-
tion in disease-relevant cell types, a wide variety of applications,
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splice sites, the function of non-coding genetic variants identi-
fied by genome-wide association studies, the architecture of en-
hancers, and the design of gene therapy strategies.

Existing scalable approaches provide valuable information but
have major limitations. Massively parallel reporter assays on

This is an open access article under the CC BY-NC license (http://creativecommons.org/licenses/by-nc/4.0/).
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plasmids, for example, are largely confined to cell lines and
do not reflect endogenous regulation. CRISPR-Cas9 screens
involving cutting, inhibition, and activation can alter the overall
expression of a gene, but they cannot interrogate variants at
single-base resolution. Moreover, CRISPR-Cas9 cutting causes
heterogeneous collections of small and large insertions and de-
letions from repair of DNA double-stranded breaks, as well as
complex chromosomal rearrangements and selection of cells
with p53 suppression.>®

Base editors present a valuable alternative to these ap-
proaches because they enable the creation of specific single-
nucleotide changes, which are the most common type of genetic
variation present in the human genome and the cause of most
genetic disease. Specifically, adenine base editors (ABEs) pro-
duce A-T to G-C changes that can correct ~50% of pathogenic
point mutations observed in humans, and cytosine base editors
(CBEs) produce C-G to T-A changes that can correct ~14% of
pathogenic point mutations in humans.”~'" The recent develop-
mentof C-Gto G-Cand A-Tto T-Abase editors now enables the
creation of nearly all types of point mutations.'?'®

Recent studies have demonstrated the ability to use base ed-
itors to conduct systematic screens in cell lines.' 2" As we learn
more from studies of human cell atlases, it is clear that the diver-
sity of cell states present in human physiology and disease is
strikingly varied, and disease-associated variants often have im-
pacts on specific cellular states and circuits, which may be
poorly represented by existing cell lines.?*?® There is a pressing
need to be able to perform screens in primary cells.

One major challenge is the inability to readily modify the
genome in primary cells in order to express Cas9 derivatives in
a stable manner to allow for efficient editing.”*>> Moreover,
many cell states are transient and only rarely observed. Animpor-
tant example is the cells observed in human hematopoiesis, that
is, the production of blood and immune cells.”® The ability to
perform large-scale endogenous single-nucleotide perturbations
in primary cells is critical to understanding the large number of
variants that are associated with a spectrum of blood and im-
mune cell disorders, as well as variation in hematopoiesis.?®**

A second major challenge is the need to assess cells across a
wide variety of cell states in primary tissues, such as in hemato-
poiesis. This requires general and sensitive readouts, as can be
achieved by using single-cell RNA sequencing (scRNA-seq).

Here, we develop and use base editor screens in primary he-
matopoietic stem and progenitor cells (HSPCs), both in the un-
differentiated state or upon directed differentiation, to provide
key insights into and address a broad set of biological problems
(Figure 1A). Not only do we conduct functional screens in primary
human HSPCs, but we also use scRNA-seq readouts, as has
been done for Perturb-seq using other genome-editing ap-
proaches (Figure 1B).**” Moreover, we demonstrate the utility
of pooled single-cell genotyping performed separately to rapidly
and efficiently assess editing outcomes and facilitate screen
interpretation.

The development of high-throughput assays that link variants
to complex cellular phenotypes in primary human hematopoietic
cells opens the door to functionally interrogate an entire tissue at
single-variant resolution, and systematically decode the effect of
such genetic variation on a diverse group of hematologic, immu-
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nologic, oncologic, metabolic, neurologic, and inflammatory dis-
eases that result from alterations in blood and immune cells, as
well as their precursors.

RESULTS

Achieving highly efficient base editing in primary
hematopoietic cells with detectable lentiviral readouts
To enable massively parallel variant screens in primary human
hematopoietic cells, we needed to deliver both base editors
and pooled single-guide RNAs (sgRNAs). While screens in cell
lines can be performed by establishing stable expression of
Cas9 derivatives such as base editors, stable lentiviral transduc-
tion of these genome-editing tools is not feasible in primary
HSPCs.?*?>%8 As an initial approach, we electroporated recom-
binant base editor protein precomplexed with sgRNA guides.
Specifically, we used the latest generation of ABEs (ABE8e),
and used a Cas9 that recognizes a relaxed motif (NG) as its
protospacer adjacent motif (PAM), in order to expand the num-
ber of targetable sites (Figure S1A; STAR Methods).* This
approach achieved editing efficiencies of ~80% of alleles in
HSPCs for four genomic targets tested, while maintaining cell
viability (Figures 1C and S1B; STAR Methods).

We next adapted the protocol to enable massively parallel
screens. We infected primary HSPCs with lentiviruses express-
ing sgRNAs to make it possible to identify the sgRNA present
in each cell, as done in other types of Cas9 screens,*’*" and
2 days later electroporated ABE8e protein. We observed a
dose-dependent increase in editing efficiency of up to 65% as
a function of electroporated protein concentration using this
approach, while allowing for detection of the sgRNA identity in
each cell (Figures 1D and S1C; STAR Methods). Although prior
reports have suggested that precomplexing Cas9 protein with
non-targeting (NT) sgRNAs can increase editing from lentivirally
encoded sgRNAs,*" we observed better editing with delivery of
the base editor protein alone (Figure S1D).*° Finally, we also em-
ployed highly efficient library assembly strategies (Golden Gate,
STAR Methods) for all screens we conducted with this approach
(Figures S1E-S1G; STAR Methods).

Functional base-editing screens in human HSCs to
improve cell therapy
As a first test, we applied our method to an application in cancer
immunotherapy. Advances in CRISPR-Cas9 genome editing of
human HSPCs have enabled therapeutic strategies for diverse
diseases.”® Although some of these approaches have entered
the clinic, concerns have been raised about undesirable impacts
of the double-strand DNA breaks produced by CRISPR-Cas9.%®
A more controlled and potentially safer approach to abrogate
gene function might be to use base editors to alter key splice
sites in a target gene.*®

To test whether we could perform functional screens using
base editors in primary HSPCs, we performed a systematic
mutagenesis screen of splice sites in CD33. CD33 is a key target
in immunotherapy against acute myeloid leukemia (AML)
because it is expressed on AML cells.***° Unfortunately,
CD383 is also expressed on normal hematopoietic cells, including
hematopoietic stem cells (HSCs), which limits the clinical
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Figure 1. Massively parallel variant assessment in primary hematopoiesis enabled by purified base editor protein delivery and lentiviral

sgRNA transduction
(A) Schematic of base editor screens in hematopoiesis.
(B) Schematic of the readouts used to analyze variant effects.

(C) Editing efficiencies using purified ABE8e-Cas9NG protein and chemically modified sgRNAs across four genomic targets (n = 2-3 independent electro-

porations per site), using 20 pug of ABE8e.

(D) Editing efficiencies using lentivirally transduced sgRNAs on site 3 (chromosome 19), as a function of ABE protein dosage in HSPCs.

See also Figure S1.

effectiveness of CD33 as a target for CAR-T cell immunotherapy
(Figure S2A). It has recently been shown that this limitation can
be overcome by infusing patients with human HSCs in which
CD33 has been knocked out by Cas9-mediated genome editing,
making it possible to eradicate AML cells by anti-CD33 CAR-T
therapy, while preserving hematopoiesis.***¢

We performed a base-editing screen against all canonical
splice donor or acceptor sites present in CD33 to identify sin-
gle-base edits that reduced or eliminated CD33 expression in
HSPCs (Figure 2A). We used fluorescence-activated cell sorting
(FACS) to select the 10% of cells with the lowest CD33 levels
(CD33"") and compared the sgRNAs found in this population
with those in the unsorted population (CD33U"s°"*%)  Multiple
sgRNAs were enriched in the CD33"°" population, with strong
enrichment for sgRNAs targeting splice donor sites of exons 1
and 2 (Figure 2B). Negative control sgRNAs that cause silent mu-
tations or are NT showed no enrichment. A second biological
replicate (with independent library cloning and HSPCs from a
different human donor) displayed high concordance (Figure S2B).

We individually validated the top candidates, the splice donor
sgRNAs against exons 1 and 2, by using ribonucleoproteins of
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ABE precomplexed with chemically modified sgRNAs, and we
compared the results with those produced by double-stranded
cutting by (nuclease active) Cas9."*® The base-edited cells ex-
hibited near-complete absence of CD33 expression as assessed
by flow cytometry, comparable to the results of Cas9-mediated
disruption (Figure 2C), and by measurement of mRNA levels***°
(Figure S2D). While both ABE and Cas9 achieved equivalent edit-
ing efficiencies (>90%, Figure S2C), the base-edited cells showed
a highly homogeneous pattern of edits, while the Cas9-edited cells
showed varied insertion-deletion (indel) patterns (Figure S2E).
Having confirmed editing in a bulk population of HSPCs, we
next showed that the most primitive HSPC compartment neces-
sary for long-term hematopoietic maintenance,***” marked by
CD34+CD90+CD45RA— surface expression displayed near-
complete elimination of CD33 expression (Figure 2D). To function-
ally confirm the long-term repopulating potential of CD33-base-
edited HSPCs, we transplanted cells targeted with exon 1
splice donor or NT control sgRNAs into immunodeficient and
Kit mutant mouse recipients (NOD.Cg-Kit"V*™Tyr*Prkdcs
Ii2rg"™ ™/ Thomd, NBSGW, Figure 2E).*® Human CD33 base-e-
dited cells displayed comparable engraftment to control cells
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Figure 2. Splice-site base editor screens in primary hematopoietic stem and progenitor cells for improved cell therapies

(A) Schematic of the screen design using adenine base editor ABE8e-Cas9NG targeting all CD33 splice sites in HSPCs.

(B) Z scored log,(FC) in sgRNA reads between HSPCs with the bottom 10% CD33 levels and the unsorted population. Plotted are the 5’ genomic coordinates of
each sgRNA. CD33 non-splice-site-targeting sgRNAs, non-targeting sgRNAs and an sgRNA targeting site 5 (chromosome 4) (Figure S1C) are shown as controls.
(C) Percentage of CD33 expressing cells, as assessed by flow cytometry (n = 3 independent electroporations). Two-tailed unpaired t test.

(D) Flow-cytometry comparison of CD34+, CD90+, CD45RA— HSPCs in splice donor 1 base-edited and control cells, and percentage of CD33-expressing cells in
that population. Representative data from three independent electroporations.

(E) Schematic of the experiment to assess the in vivo engraftment potential of cord blood-derived HSPCs electroporated with CD33 splice donor 1 or non-
targeting ABE ribonucleoproteins into NBSGW mice.

(F) Engraftment of CD33 splice donor 1 base-edited HSPCs inimmunocompromised mice at 16 weeks post-transplantation. Percentage of human CD45+ cells in
mouse bone marrow for mice transplanted with CD33 splice donor 1 or non-targeting ABE ribonucleoproteins (n = 5 mice for CD33 splice donor 1 and n = 4 mice
for non-targeting). Two-tailed unpaired t test for each population.

(G) Percentages of the main human hematopoietic lineages measured in mouse bone marrow for mice transplanted with HPSCs edited with CD33 splice donor 1
or non-targeting ABE ribonucleoproteins (n = 5 mice for CD33 splice donor 1 and n = 4 mice for non-targeting). Two-tailed unpaired t test for each lineage.
(H) CD33 base-editing-mediated KO in human CD45+ cells in the mouse bone marrow assessed by FACS (n = 4 mice for CD33 splice donor 1 and n = 4 mice for
non-targeting). Two-tailed unpaired t test.

(I) Percentage of edited reads for each of the FACS-purified human lineages from bone marrow for mice transplanted with CD33 splice donor 1 or non-targeting
ABE ribonucleoproteins. For each lineage, each dot represents samples from a mouse. Low quality amplicon samples were excluded. Two-way ANOVA.

See also Figure S2.
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with similar lineage composition in the bone marrow, as assayed
after long-term hematopoietic reconstitution was achieved
16 weeks after transplantation (Figures 2F, 2G, and S2F-S2H).
Transplanted human cells edited with the exon 1 splice donor
sgRNA demonstrated a marked reduction in CD33 expression,
both overall (Figures 2H and S2G) and in the HSPC compartment
(Figures S2F and S2G). The editing efficiency observed in
the FACS-purified erythroid, myeloid, B cell, and HSPC compart-
ments was consistently greater than 95% (Figure 2I). Our
results demonstrate the utility of a functional screen in primary
hematopoietic cells to identify effective alternative cell therapy
approaches that warrant further investigation in future studies.

Base-editing screens with single-cell readouts across
diverse hematopoietic lineages

As single-nucleotide variants can have effects that could be
missed by specific functional readouts and might be limited
to particular differentiation stages, we sought to enhance he-
matopoietic base-editing screens by obtaining single-cell
transcriptional readouts.?>*%“° For this purpose, we needed
an approach that allowed detection of the sgRNA present in
each cell as part of the cell’s scRNA-seq readout. Among
different approaches tested, we obtained the best results
with a modified CROP-seq vector system, which embeds
the sgRNA expression cassette sequence within a polyadeny-
lated transcript that can be detected using scRNA-seq
(Figures S3A and S3C-S3G; STAR Methods).*® In contrast,
we achieved minimal sgRNA detection in scRNA-seq reads
with recently developed direct sgRNA capture approaches
(Figure S3B).*°

We next employed this scRNA-seq system to measure the
perturbations caused by base editing—an approach we term
Perturb(BE)-seq as it is adapted from other Perturb-seq ap-
proaches—but it employs base editing, rather than Cas9
nuclease or CRISPRi-mediated perturbation.>*” Before per-
forming pooled screens, we first sought to demonstrate that
we could (1) classify an sgRNA as having an effect despite
incomplete editing efficiencies and (2) detect effects across all
hematopoietic lineages. For these purposes, we applied the
methods to HSPCs treated separately in four ways (Figure 3A):
base editing with the sgRNA targeting the exon 1 splice donor
site of CD33 (Figures 2B and 2C), base editing with two negative
control sgRNAs (a NT sgRNA and a sgRNA targeting the AAVS1
safe harbor locus), and Cas9-cutting with a positive control cut-
ting sgRNA targeting CD33 (Figure 2C).*"

We titrated down the base editor protein dosage to achieve
~10% editing efficiency (to mimic sgRNAs with lower efficiency,
which would be encountered in pooled screens), edited HSPCs
in the different ways mentioned above, and allowed them to
differentiate into multiple lineages; we pooled the experiments
prior to scRNA-seq (Figures 3A and 3B). In 96.77% of cells, the
relevant sgRNA could be readily identified from scRNA-seq
reads (Figures 3C, S3A, and S3C-S3G; STAR Methods). We
also measured CD33 protein levels with a barcoded antibody
in tandem with the scRNA-seq readouts (Figure S3I).

With respect to the sensitivity of the approach, we found that
even at 10% editing efficiency we detected CD33 as the gene
with the most significant reduction in expression (based on
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adjusted p value) in cells transduced with the CD33 splice donor
1 sgRNA vs. cells with the AAVS1 sgRNA (Figure 3D).

With respect to screening across hematopoietic lineages, we
found robust reduction in CD33 protein levels across all lineages
present (Figures 3B, 3E, and S3H). We detected significantly
more cells with low CD33 protein levels across all lineages for
both ABE and Cas9 CD33-editing sgRNAs (Figures 3E and
S3J). These results suggest that the approach can effectively
create and detect perturbations across the full spectrum of cell
states in human hematopoiesis.

Base editor screens in primary human erythroid cells
can decipher non-coding variant contributions to the
regulation of HbF

We next explored the use of base editor screens in primary he-
matopoiesis to identify regulatory variants that affect gene
expression, which has implications for both interpretation of
naturally occurring variants and the design of therapeutic inter-
ventions. We focused on the regulation of fetal hemoglobin
(HbF), for which increased expression can suppress the effects
of sickle cell disease and B-thalassemia. BCL11A, a key
repressor of HbF expression, was discovered based on human
genetic studies, and multiple clinical trials are testing the thera-
peutic suppression of BCL11A.%?7° In addition, the highly ho-
mologous promoters of HBG7 and HBG2 (which encode the
v-globin protein that forms HbF, when combined with «-globin),
are also key targets for emerging genome-editing approaches to
treat sickle cell disease and B-thalassemia.”® Naturally occurring
mutations in these non-coding regulatory regions of HBG1/2 can
cause elevations of HbF in adults, a condition termed hereditary
persistence of HbF (HPFH), most often by creating or destroying
binding sites for the transcription factors GATA1, KLF1, BCL11A,
or ZBTBT7A.

We focused on the HBG1/2 promoter regions as they have
been studied extensively in cell lines but not systematically in pri-
mary cells, which are the targets of clinical therapies.”*"*"*® We
assessed the effects of 124 sgRNAs targeting a span of
300-base pairs upstream of the transcription start sites of
HBG1/2 in primary HSPCs and assayed cells as they underwent
semi-synchronous erythroid differentiation®® (Figure 4A; STAR
Methods). To be able to detect the identity of perturbations en-
coded by lentiviral sgRNAs, we profiled erythroblasts prior to
enucleation (Figure S4A; STAR Methods). Based on intracellular
HbF levels as assayed by FACS, we analyzed two groups of
erythroblasts: those expressing the top 30% of HbF (HbF™o")
and those expressing the lowest 30% of HbF (HbF'%). Whereas
FACS-based functional screens compared the distribution of
sgRNAs in two extreme populations of cells (with high and low
levels of HbF), Perturb(BE)-seq measures the expression of
HBG1/2 transcript levels in all profiled cells, which we reasoned
might have greater sensitivity compared with the former
approach. We profiled 76,961 single erythroblasts and identified
sgRNAs with significantly different HBG1/2 transcript distribu-
tions (STAR Methods; Figure S4B). Additionally, to evaluate
and confirm the editing outcomes of the sgRNAs used in a
screen, we applied single-cell genotyping of 8,388 erythroblasts
with 30 primer pairs targeting the sgRNA sequence and the
HBG1/2 promoters, as well as other loci and controls
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Figure 3. Capturing variant effects in the hematopoietic differentiation continuum with single-cell screens

(A) Schematic of the experimental design to detect single-cell perturbation effects using lentivirally transduced sgRNAs across primary human hematopoiesis. In
this benchmarking experiment, lentiviruses were produced in an arrayed format given that the positive control condition was edited with a Cas9 nuclease and the
others with adenine base editor (ABE).

(B) Uniform manifold approximation and projection (UMAP) of the different hematopoietic lineages arising after spontaneous HSPC differentiation in vitro. He-
matopoietic lineages were assigned using the expression of known marker genes (Figure S3H).

(C) Scatterplot of the counts of the top sgRNA (measured using CROP-seq transcript counts detected following enrichment PCR) in each cell relative to the counts
of all sgRNAs detected in that cell.

(D) Volcano plot of the transcriptome-wide log,(FC) and associated —logo(p values) between cells transduced with the CD33 splice donor 1 sgRNA or
AAVS1 sgRNA.

(E) Left, UMAPSs split by the identity of the transduced sgRNA. Red dots highlight the cells in the bottom 10% decile of CD33 protein counts (across all conditions),
scaled by the average counts of each cluster from (B). Right, cumulative distribution of single-cell CD33 protein counts (scaled by cluster average) across the four
experimental conditions.

See also Figure S3.

(Figures 4A and S4C; STAR Methods). Genotyping may be
particularly valuable for screens in which it is important to con-
nect sgRNAs to their mutational outcomes. While other ap-

proaches (such as PCR enrichment on scRNA-seq reads®':%?)

allow for variant calling in transcribed regions, genotyping is
more general in that it can be applied to any genomic region,
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Figure 4. Dissection of the regulatory logic of erythroid-specific non-coding regions with base editor screens

(A) Schematic of pooled ABE8e screens targeting the HBG1/2 promoters. Functional screens and Perturb(BE)-seq were performed on day 13 erythroblasts to
capture sgRNA information prior to enucleation. Pooled single-cell genotyping was conducted on day 6 of erythroid differentiation.

(B) Top track, Z scored linear model coefficients for each sgRNA in the screen (STAR Methods). Plotted genomic coordinates display the most common edited
nucleotide for each sgRNA. Middle track, p values from the linear model shown in the top track. Bottom track, percentage of edited single cells for each sgRNA in
the screen.

(C) Representative flow-cytometry measurement of HbF levels in erythroid-differentiated HSPCs (day 14) treated with ABE precomplexed with an sgRNA tar-
geting —175T>C or non-targeting sgRNA.

(D) Average percentage of HbF* cells (F cells) in erythroid-differentiated HSPCs (day 14) treated with ABE precomplexed with an sgRNA targeting the —175T>C or
non-targeting sgRNA. 3 independent electroporations. Two-tailed unpaired t test.

(E) Pooled single-cell genotyping experiments of HSPCs treated with ABE precomplexed with an sgRNA targeting —175T>C. Left, percentage of single cells with
at least one —175T>C edited allele. Right, percentage of single cells with at least one allele of —173T>C, —175T>C, or —181T>C, which reside within the editing
window.

(F) Representative flow-cytometry measurement of HbF levels in erythroid-differentiated HSPCs (day 14) treated with ABE precomplexed with an sgRNA tar-
geting the —37 site or non-targeting sgRNA.

(legend continued on next page)
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including non-coding regions (as shown here for the HBG1/2
promoters) and coding regions in lowly expressed genes or far
from the universal primers attached to transcript ends in
scRNA-seq protocols.

Both the functional screen and Perturb(BE)-seq identified
three critical sites (with 2-3 independent sgRNAs per site) previ-
ously known to increase HbF among the top hits (Figures 4B, top
and middle tracks and S4D): —123, —175, and —198 nucleotides
upstream of the transcription start sites.®”°*°° We also
observed enrichment in HbF'°" cells of two sgRNAs targeting
the —185 GATAT1 activator motif, a site that has been previously
suggested to decrease HbF levels when mutated.®® As antici-
pated, the Perturb(BE)-seq screen identified a larger number of
hits, consistent with the increased power of this screen. Pooled
single-cell genotyping enabled precise identification of the
nucleotides edited by each sgRNA (Figures 4B, bottom track
and S4E).

Given the clinical utility of HbF induction as a curative therapy
for sickle cell disease and B-thalassemia, we sought to validate
the sgRNAs targeting the —175T>C HPFH alteration, as this
site was one of the strongest hits in the screen and results in
one of the highest HbF levels reported in patients in the literature.
This mutation is thought to create a TAL1 binding site and
thereby increase transcriptional activity as a result.®>** Erythroid
cells individually edited with one of the sgRNAs targeting this site
resulted in 70.4% + 8.4% HbF* cells compared with 25.6% =+
4.2% in cells treated with a NT control sgRNA (Figures 4C and
4D). Quantitative real-time PCR confirmed an increased ratio of
HBG1/2 to HBB compared with control cells (Figure S4F). Sin-
gle-cell genotyping of 2,131 edited primary erythroblasts
showed editing of at least one —175T>C allele in 80% of cells,
with a distribution of additional edits in the editing window (Fig-
ure 4E). Analysis of the top 5 predicted off-target sites revealed
no detectable editing (Figure S4G). We confirmed normal differ-
entiation and morphology of edited cells (Figures S4H and S4l).
These results demonstrate the robustness of screens to identify
key nucleotide alterations that could enable improved therapeu-
tic strategies.

In addition to the sites found by the functional screen, the
Perturb(BE)-seq screen identified a number of additional sites
in the HBG1/2 promoters. The —113A>G mutation lies in a region
known to bind the HbF repressor BCL11A that is mutated in in-
dividuals with HPFH®®~%® (Figure 4B). We also observed reduced
HBG1/2 levels in cells with sgRNAs recreating —83T>C. This mu-
tation lies within a CCAAT box previously shown to bind the NF-Y
transcription factor, which acts as a transcriptional activator of
HBG1/2.%° We further investigated one of the hits targeting a
previously unstudied site in the promoter, spanning a number
of adenines centered around position —37. Individual validation
of the sgRNA resulted in 30.7% =+ 2.2% HbF" cells compared
with 19.8% + 2.3% in control with 5.5% and 17.7% editing effi-
ciencies at the —37 and —41 adenines, respectively (Figures 4F
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and 4G). Assessment of MRNA levels in erythroblasts confirmed
the increased HBG1/2 levels (Figure S4J). We confirmed normal
differentiation and morphology of edited cells (Figures S4K
and S4L). These mutations were predicted to create a de novo
KLF1 binding motif that we surmised could underlie the
observed HbF induction. Consistent with this, the genotype in
FACS-purified HbFM9" erythroblasts edited with a slightly offset
and optimized sgRNA demonstrated an enrichment of mutations
recreating a CACC box KLF1 motif (Figure 4H). This finding,
along with the observations from the creation of a TAL1 binding
site by the —175 mutation (Figures 4C—4E) exemplifies how the
HBG1/2 promoters are poised, but not optimized for maximal
expression in adult erythroid cells and showcases strategies
that could be employed to maximize expression of HbF for
therapeutic purposes. More broadly, these approaches are likely
to be valuable to systematically functionalize the many non-cod-
ing variants identified in human genetic studies in relevant
cellular contexts.

Systematic mutagenesis of the master hematopoietic
regulator GATA1 and its impacts on differentiation

We next sought to use Perturb(BE)-seq to enable structure-func-
tion mapping of how coding mutations across a gene affect cellular
phenotypes across hematopoietic cell states and lineage transi-
tions. We focused on GATA1 as an ideal test case, because it is
amaster hematopoietic zinc finger (ZF) transcription factor neces-
sary for erythropoiesis, megakaryopoiesis, mast cell production,
eosinophil differentiation, and basophil maturation.®® Germline
mutations in GATAT cause a number of different blood diseases,
including Diamond-Blackfan anemia, congenital dyserythropoietic
anemia, unlinked B-thalassemia, porphyria, myeloid malignancy
predisposition, and thrombocytopenia, with some patients
showing a combination of different phenotypes depending upon
their mutation.”®"> Additionally, somatic mutations in GATA1
can drive the transient myeloproliferative disease and megakaryo-
blastic leukemia in Down syndrome or with acquired trisomy
21.757% While distinct pathogenic germline and somatic alleles of
GATAT1 continue to be identified, in most cases the precise pheno-
types that will result from a specific mutation cannot be predicted.
Moreover, many variants are of unclear significance to the under-
lying pathogenesis.””

We performed a systematic mutagenesis screen of GATAT in
two genetically male (XY) donors (as GATAT1 is located in the X
chromosome) with 514 sgRNAs targeting all exons and exon-
intron boundaries (Figures 5A and S5A; STAR Methods). To
capture the widest range of functional effects induced by
mutations, cells were initially cultured in HSPC maintenance me-
dia for 4 days (STAR Methods) before transitioning the cells to
semi-synchronous erythroid differentiation with scRNA-seq con-
ducted on 278,675 single cells on days 2, 4, 7, and 9 of erythroid
differentiation to capture the effects of mutations at different
stages of erythroid maturation.”®"®

(G) Average percentage of HbF™ cells (F cells) in erythroid-differentiated HSPCs (day 14) treated with ABE precomplexed with an sgRNA targeting the —37 site or
non-targeting sgRNA. 3 independent electroporations. Two-tailed unpaired t test.
(H) Fold change of edited alleles between FACS-purified HoF"9" and HbF'°" erythroblasts edited by an sgRNA targeting the —37 site. The reference allele and the

predicted de novo KLF1 motif that the editing generates are shown on top.®°
See also Figure S4.
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Figure 5. Systematic mutagenesis of the master hematopoietic transcription factor GATA1
(A) Schematic representation of the experiment targeting all editable missense mutations, exon-intron junctions, as well as the 5 UTR and a subset of control

mutations in GATA7 (STAR Methods).

(B) UMAP of hematopoeitic cells with a dominant perturbation profiled at days 2, 4, 7, and 9 of erythroid differentiation in the GATAT screen. The streamline plot
with the predicted RNA velocity flow projected in the UMAP space is overlaid. Hematopoietic lineages were assigned using known marker genes (Figure S5B).
(C) Z scored log,(FC) of sgRNA in cells sampled on day 9 of erythroid differentiation vs. transduced cells prior to electroporation, using bulk amplicon sequencing.
Hits targeting previously known mutations or in critical regions of GATAT are highlighted, as well as control sgRNAs that were included to target silent mutations or
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Based on gene expression, the resulting cells were a mixture
of predominantly erythroid cells with some HSPCs, as well as
neutrophilic, monocytic, megakaryocytic, and basophilic pre-
cursors (Figures 5B and S5B). We compared the representation
of each sgRNA at the day 9 differentiation time point relative to
the cells prior to electroporation to identify variants critical for
GATAT1 function (STAR Methods). We also ranked mutations by
their specific impact on erythroid differentiation potential. We
defined an “erythroid score” for each sgRNA as the Z scored
proportion of cells observed in erythroid lineages vs. all lineages
(STAR Methods), with low erythroid scores indicating a selective
decrease in erythroid differentiation.

We identified hits across all exons, including known patho-
genic mutations and uncharacterized mutations in critical regions
such as the N- and C-terminal ZFs, as well as multiple splice sites
(Figures 5C and S5C).”%"""%89-82 |ntriguingly, we also observed
two hits editing the same exon 1 5" UTR nucleotide (GATA1 has
one of the highest translational efficiencies among hematopoietic
transcription factors and is particularly susceptible to reduced
ribosomal levels®®) and two hits in a highly conserved lysine in
the intrinsically disordered region in the C terminus of GATA1,
in which a recently described neighboring mutation causing
congenital anemia results in altered transcriptional activity and
chromatin occupancy.”” In contrast, neither the sgRNAs recreat-
ing control non-pathogenic mutations nor the NT sgRNAs had Z
scores < —1.1. Looking at sgRNAs with the lowest erythroid
scores (which implies a selective depletion of these sgRNAs in
erythroid cells), we observed a significant number targeting one
of the critical o helices in the DNA-interacting C-terminal ZF
domain (Figures 5D and S5D), which were not depleted in other
lineages (Figure S5E). Specifically, point mutations L284P,
Y285C/H, Y286C, K287E, and L288P likely destabilize the o helix
and alter the interaction interface (Figure 5E).

Finally, we sought to gain insight into the downstream
transcriptional effects arising from GATAT mutations. We identi-
fied differentially expressed genes shared among perturbed
erythroid progenitors and precursors for the sgRNAs with the
lowest erythroid scores compared with controls, and then clus-
tered all sgRNAs by these genes (Figure 5F; STAR Methods).®*
We observed shared transcriptional responses among the
most strongly depleted sgRNAs over the course of erythroid dif-
ferentiation shown in Figure 5C: a decrease in terminal erythro-
poiesis genes (HBA1, HBA2, HBM, SLC25A37, ALAS2, HEMGN,
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GYPA, CA1, SOX6, and NFIA) and an increase in non-erythroid
or early progenitor gene expression programs (PTPRC,
CXCR4, ETV6, IKZF2, RUNX1, GATA2, and MEF2C). This strat-
egy additionally identified sgRNAs that were not depleted over
the course of erythroid differentiation but shared similar tran-
scriptional responses, increasing the number of putative delete-
rious mutations identified in the screen, compared with the
depletion analyses alone. Reconstruction of the predicted differ-
entiation trajectories for cells transduced with these sgRNAs
confirmed a block at the progenitor stages with impaired termi-
nal differentiation (Figure 5G; STAR Methods). Taken together,
our results nominate nucleotides critical for GATA1 function
and provide mechanistic insights into their transcriptional and
functional consequences over the course of hematopoietic
differentiation.

Hematopoietic base editor screens help classify the
pathogenicity of VUS

With more widespread application of clinical sequencing, large
numbers of variants of unknown significance (VUS) are increas-
ingly being discovered in patients, but determining whether they
are causal remains challenging and limits effective clinical deci-
sion-making.®® We reasoned that the data from systematic
Perturb(BE)-seq screens for GATA1 could enable functional
assessment of VUSs. We identified a male patient with congen-
ital hypoplastic anemia, hemizygous for a reported VUS
(c.220+2T>C) in the second exon-intron junction of GATAT (Fig-
ure 6A; STAR Methods). Bone marrow aspirates from this patient
revealed notable erythroid hypoplasia and dyserythropoiesis
(Figure S6A). We have previously reported a nearby ¢.220G>C
synonymous mutation in two siblings with Diamond-Blackfan
anemia, which affected splicing and resulted in the exclusive
production of the short isoform of GATA1, called GATA1s, which
lacks the transactivation domain (TAD).”® However, the pathoge-
nicity of the ¢.220+2T>C mutation is unclear.

Because this mutation was predicted to be recreated by two
sgRNAs in our screen, we checked the pooled single-cell geno-
typing data and found that these sgRNAs actually produced the
mutation in 62.9% and 48.3% of cells carrying the respective
sgRNA (Figure 6B). In the Perturb(BE)-seq screen, cells
transduced with the sgRNAs targeting ¢.220+2T>C depleted
over the course of erythroid differentiation, were among
the strongest transcriptional perturbations and were enriched

non-coding regions, and non-targeting controls. PhyloP evolutionary conservation scores and Genome Aggregation Database (gnomAD) allele counts at each
position are included for reference (STAR Methods).

(D) Z scored ratio between cells in erythroid lineages and non-erythroid lineages for each sgRNA (erythroid score). Screen hits on the GATA1 C-terminal zinc finger
are highlighted (Figure 5D).

(E) Crystal structure of murine GATA1 zinc fingers interacting with DNA (from https://doi.org/10.2210/pdb3VD6/pdb). Erythroid score screen hits presented in
(D) cluster in the DNA-interacting o helix from the C-terminal zinc finger, and are labeled in the figure. The sequence is identical to human GATA1 zinc fingers with
the exception of F286, which is Y286 in human (*F286). Edited amino acids were annotated using pooled single-cell genotyping.

(F) Heatmap of the mean expression levels of differentially expressed genes between sgRNAs with the lowest functional scores and non-targeting sgRNAs.
Hierarchical clustering was performed both on the displayed genes and sgRNAs. Hits highlighted in (C) clustered together, as well as additional sgRNAs that
shared a similar transcriptional response. A selection of relevant differentially expressed genes is highlighted, with transcription factors in bold.

(G) Left, streamline plot with the predicted RNA velocity flow projected in UMAP space using cells with the top GATAT perturbations and NT controls. Transitions
of HSPCs into the different lineages are observed, with most of the cells giving rise to erythroid progenitors (EryPs) and erythroid precursors (Ery). Right, density
plots in cells with the top GATAT perturbations highlight a block at the progenitor stages with impaired terminal differentiation compared with non-targeting
controls.

See also Figure S5.
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among non-erythroid lineages compared with the erythroid cells,
suggesting a block in erythroid differentiation resulting from this
mutation (Figures 5F, 6C, and S6B). We validated these findings
using precomplexed base editors and sgRNAs to introduce the
mutation in HSPCs from healthy donors (STAR Methods). Cells
carrying the mutation were depleted over the course of erythroid
differentiation and showed impaired erythroid differentiation po-
tential (Figures 6D and S6C); in contrast, we found enrichment of
the mutation in edited cells in the CD71—-CD235a— fraction of
non-erythroid cells (Figure 6E). We also performed methylcellu-
lose colony-forming assays on base-edited HSPCs, which
showed reduced erythroid colony formation, with preserved
myeloid differentiation (Figure 6F). Full-length transcriptomic
analysis of differentiating erythroid precursors on day 9 post-
electroporation revealed an increase in the percentage of the
GATA1 short isoform in cells edited with the ¢.220+2T>C
sgRNAs (which was proportional to the percent 220+2C edited
alleles, Figures 6G and 6H), concomitant with a decrease in
the absolute levels of the GATAT full-length isoform (Figure 6l).
This demonstrates that the 220+2T>C mutation results in prefer-
ential splicing of GATAT to the short, rather than full-length iso-
form, thereby perturbing erythropoiesis and causing hypoplastic
anemia (Figure S6D). Collectively, our findings reveal how a
Perturb(BE)-seq screen in primary hematopoietic cells can be
effectively used to rapidly identify a pathogenic variant that
had previously been of uncertain significance.

Expanding the screening tool kit with CBEs
Our studies above employed ABEs, which can recreate many
but not all variants. For example, while examining additional
GATAT1 VUSs, we identified a second individual with congenital
hypoplastic anemia and a distinct VUS (c.218C>T, resulting in
P73L) four nucleotides away from the pathogenic ¢.220+2T>C
variant assessed in our ABE Perturb(BE)-seq screen (STAR
Methods; Figures 7A and S7A). This specific variant could not
be introduced in our initial screen, but is targetable using CBEs.
To examine the utility of other base editors in human
hematopoiesis, we purified an evolved cytosine deaminase, evo-
FERNY,®® and added a flexible NG PAM for broader targeting
(Figure S7B; STAR Methods). We obtained fractions of modified
alleles of around 50% in primary HSPCs using precomplexed
chemically synthesized sgRNAs with the evoFERNY protein (Fig-
ure S7C). By using a similar strategy as for the ¢.220+2T>C
variant, we recreated the unclassified c.218C>T variant in human
HSPCs with two different sgRNAs and induced erythroid differ-
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entiation. We observed complete depletion of alleles resulting
in ¢.218C>T (P73L) during erythroid differentiation (Figure 7B).
Colony-forming assays confirmed that the mutation selectively
impaired erythroid differentiation without compromising other
myeloid lineages (Figure 7C). This result demonstrates our ability
to utilize additional editors to model pathogenic mutations at
endogenous loci, using similar approaches as for ABE8e in hu-
man HSPCs; together, these editors expand the spectrum of var-
iants that can be recreated, while additional changes are made
possible with emerging editors.'?'®

Given our success in recreating a single pathogenic variant
identified in a patient, we sought to assess the ability to conduct
functional screens. Therefore, we performed another systematic
mutagenesis screen of CD33 splice sites, as was done with
ABES8e, but with evoFERNY protein instead. The results of this
screen were robust and the top hit of the screen was the exact
same sgRNA targeting the exon 1 donor splice site, but with a
different (C>T) mutation—underscoring the relevance of this
splice site for CD33 expression (Figure 7D). Notably, the screen
also identified the exon donor 2 site noted in our ABE8e screen,
and additionally nominated the splice acceptors in exons 3 and
4. The exon 3 splice-acceptor site was not seen in the earlier
screen, likely because ABEs tend to be less effective than
CBEs at editing splice-acceptor motifs,*®> while the exon 4
splice-acceptor site could not be targeted in the ABE screen.
Taken together, these results reinforce the modularity of our
approaches to readily expand the type and number of variants
targeted by replacing the editor with different purified genome-
editing proteins.

DISCUSSION

The inability to study the effects of large numbers of single-base
substitutions in primary human cells has been a major bottleneck
in understanding cellular function and disease pathogenesis.
Here, we introduce a platform for massively parallel base editing
and apply it to primary human HSPCs and their differentiated
progeny.

We focus on describing the robustness of the approach with
proof-of-principle experiments that provide important biological
insights. These experiments include a gene-editing strategy
for improving leukemia immunotherapy, the characterization
of large numbers of variants modulating HbF levels in primary
hematopoietic cells, and a systematic mutagenesis screen of
GATAT1 variants that enables the classification of disease-causal

(E) Percentage of alleles edited with the ¢.220+2T>C mutation 9 days following electroporation with ABE and chemically modified sgRNAs in sorted erythroid cells
and non-erythroid cells. Boxplots summarize data from two HSPC donors and the two ¢.220+2T>C sgRNAs. Two-tailed paired t test.

(F) Methylcellulose colony-forming assays from XY healthy donors edited with the ¢.220+2T>C mutation using ABE protein and chemically modified sgRNAs. The
percentage of each colony type is normalized to the total number of colonies electroporated with non-targeting sgRNAs. The error bars represent the standard
deviation in the normalized number of colonies across two donors with three technical replicates each for each sgRNA. Two-tailed unpaired t test.

(G) Percentage of GATAT short isoform (GATA1s) mRNA with respect to the total GATAT mRNA transcripts in differentiating erythroid precursors on day 9 post-
electroporation edited with the ¢.220+2T>C sgRNAs or NT control. Each dot represents an independent electroporation, and the shape of the dot represents
different HSPC donors.

(H) Percentage of GATAT short isoform (GATA1s) mRNA with respect to the total GATAT mRNA transcripts in differentiating erythroid precursors on day 9 post-
electroporation edited with the ¢.220+2T>C sgRNAs or NT control, as a function of the editing efficiency.

(I) Transcripts per million of GATAT short (GATATs) and GATAT full-length isoform (GATA1FL) isoforms in differentiating erythroid precursors on day 9 post-
electroporation.

See also Figure S6.
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Figure 7. Expanding the screening tool kit with cytosine base editors

(A) Schematic of the two GATA1 VUSs validated in this paper.

(B) Left, percentage of alleles bearing the ¢.218C>T mutation (red bars) or other C>A and C>G mutations, as well as a small fraction of indels (gray bars) in edited
HSPCs subjected to erythroid differentiation from two XY donors. Data are shown for two contiguous, different sgRNAs targeting c.218C>T. Each dot represents
independent electroporations, and the shape of the dot represents different HSPC donors.

(C) Methylcellulose colony-forming assays in two healthy donors edited with sgRNAs targeting the ¢.218C>T mutation. The error bars represent the standard
deviation in the number of colonies (normalized to NT) across two donors with three technical replicates for each donor and sgRNA.

(D) Z scored log,(FC) in sgRNA reads between HSPCs with the bottom 10% CD33 levels and the unsorted population, for both orthogonal adenine and cytosine

base editor screens. Each dot represents an sgRNA.
See also Figure S7.

variants in this gene. Notably, this approach makes it possible to
study the effects of variants in nearly all hematopoietic lineages,
given the ability to readily differentiate human HSPCs in vitro to
most blood and immune cell lineages—including erythroid cells,
megakaryocytes, basophils, eosinophils, neutrophils, mono-
cytes, dendritic cells, innate lymphoid cells, NK cells, T lympho-
cytes, and B lymphocytes®®®"°°*— and to recognize the cell
types by functional markers and/or gene expression. Efficient
editing and sensitive readouts allow screening for complex
phenotypes.

The ability to make base substitutions in endogenous loci has
many advantages, compared with strategies based on overex-
pressing mutant cDNAs from plasmids.®® It expands the types
of genomic elements that can be interrogated at base-pair
resolution to include splice sites and non-coding regions. The
approach will be particularly valuable for experimental evaluation
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of large numbers of single-nucleotide variants being found
through human genome-wide association studies and VUSs be-
ing identified through clinical sequencing of patients to identify
pathogenic mutations.?” Importantly, the approach allows the
careful study of mutated protein function at physiological levels
of expression and in primary cells. The strategy also makes it
possible to revert variants in patient-derived cells to study their
functional consequences, such as testing whether a blood disor-
der phenotype can be reversed through editing of a particular
candidate mutation in HSCs.

Unlike pooled CRISPR-Cas9 screens, in which a gene
knockout can be reliably evaluated by using many different
sgRNAs against a gene to overcome variability in cutting effi-
ciency, only a few sgRNAs are capable of engineering a specific
base substitution. The inability to filter out sgRNAs with poor ed-
iting efficiencies might result in false negatives. To minimize the
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risk of false negatives, we employ PAM-flexible editors to in-
crease the number of guides per variant, and we employ pooled
single-cell genotyping to directly assess editing outcomes to
augment these screens.

Our approach is modular and allows for ready replacement
with other genome-editing tools, such as by Cas9 enzymes
with expanded PAM compatibility.°®°° Combining the expanding
spectrum of genome editors (including alternate base editors,
prime editors, or epigenetic modifiers'* %9914 and the ability
to edit primary cells significantly advance the opportunities for
targeted genome manipulation of human hematopoietic and
other cells. Moreover, an advantage of editor-protein electropo-
ration in tandem with lentiviral sgRNA library delivery is the lower
likelihood of observing off-target effects given the shorter half-life
of the electroporated protein, compared with mRNA or plasmid-
based delivery approaches.®"°*'%5"197 This improves the ability
to translate screening results to therapeutic applications, by
identifying the most efficient sgRNAs with the same editing stra-
tegies and in the same cell types that will be the target of curative
therapies for human diseases, such as HSCs that can enable
long-term reconstitution of hematopoiesis.

Potential improvements to the method may include the use of
multiple sgRNA cassettes to enable multiplexed combinatorial
screens, screens in patient-derived cells, and in vivo transplanta-
tion of human HSPCs transduced with pooled libraries to study
variant dynamics with long-term hematopoiesis. We envision
that the strategies introduced in this paper will enable a fine-
grained understanding of how genetic variation predisposes to
human disease and will provide important insights into the
molecular logic of human hematopoiesis and other primary cell
systems.

Limitations of the study

While the screening approaches we have described enable rich
information of cell state at single-cell resolution via Perturb(BE)-
seq and pooled genotyping of the endogenous loci targeted in
the screen, these readouts are not coupled. Given the critical in-
formation obtained from transcriptomic readouts and limitations
of existing approaches, '°® future advances should seek to incor-
porate methods that simultaneously enable DNA genotyping and
gene expression readouts at high throughput for the same single
cellsin large pooled screens. This will boost statistical power and
enable a more direct dissection of the phenotypic consequences
of the individual alleles introduced by the same sgRNA. In addi-
tion, while we have demonstrated the value of base editing with
ABEs and CBEs, additional base editors that have more recently
been developed should be tested in this platform to recreate
other types of variants.
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Antibodies

CD3 BV605 Anti-human [Clone: SK7] BioLegend Cat: 344836; RRID: AB_2565825
CD11b Pacific Blue Anti-human [Clone: BioLegend Cat: 301315; RRID: AB_493015
IICRF44]

CD19 FITC Anti-human [Clone: REA675] Miltenyi Biotec Cat: 130-113-645; RRID: AB_2726198
CD33 PE Anti-human [Clone: HIM3-4] ThermoFisher Cat: 12-0339-42; RRID: AB_10855031
CD33 APC Anti-human [Clone: WM53] BioLegend Cat: 983902; RRID: AB_2810824
CD833 FITC Anti-human [Clone: HIM3-4] Invitrogen Cat: 11-0339-42; RRID: AB_10718827
CD34 BV421 Anti-human [Clone: 561] BioLegend Cat: 343610; RRID: AB_2561358
CD45 PE Anti-human [Clone: 2D1] BioLegend Cat: 368510; RRID: AB_2566370
CD45 APC Anti-human [Clone: HI30] BioLegend Cat: 304037; RRID: AB_2562049
CD45 FITC Anti-mouse [Clone: 30-F11] BioLegend Cat: 103108; RRID: AB_312973
CD45 APC Anti-mouse [Clone: 30-F11] BioLegend Cat: 103112; RRID: AB_312977
CD71 APC Anti-human [Clone: OKT9] eBioscience Cat: 17-0719-42; RRID: AB_10671393
CD123 PE-Cy7 Anti-human [Clone: 6H6] BioLegend Cat: 306010; RRID: AB_493576
Brilliant Violet 421™ anti-human CD71 BioLegend Cat: 334122; RRID: AB_2734337
[Clone: CY1G4]

APC anti-human CD235a (Glycophorin A) BioLegend Cat: 349114; RRID: AB_2650976
[Clone: HI264]

Fetal Hemoglobin APC Monoclonal Life Technologies Cat: MHFHO5; RRID: AB_10374595
Antibody [Clone: HBF-1]

CD235a PE Anti-human [Clone: HIR2] Invitrogen Cat: 12-9987-82; RRID: AB_466300
7-AAD Viability Staining Solution BioLegend Cat: 420404

7-AAD BD Biosciences Cat: 51-68981E

Bacterial and Virus Strains

BL21 Star DE3 Competent Cells ThermoFisher Cat: C601003

Endura™ Electrocompetent Cells Biosearch Technologies Cat: 71003-038

OneShot TOP10 Chemically Invitrogen Cat: C404006

Competent Cells

Biological samples

Human CD34+ hematopoietic stem and Fred Hutchinson Cancer N/A

progenitor cells, adult Research Center

Cord Blood Unit for umbilical cord-derived Dana Farber Pasquarello N/A

CD34+ hematopoietic stem and Tissue Bank

progenitor cells

Chemicals, peptides, and recombinant proteins

Kanamycin Sigma-Aldrich Cat: K4000-25G

L-Rhamnose Sigma-Aldrich Cat: R3875-100G

HEPES 7.5 pH Gibco Cat: 15630080

TCEP Thomas Scientific Cat: 51805-45-9

Roche EDTA-free complete protease Roche Cat: 11697498001

inhibitor cocktail

DNase | Solution Thermo Scientific Cat: 90083

Imidazole GoldBio Cat: 1-901-25

Dulbecco’s Modified Eagle Medium-High Life Technologies Cat: 11965-118

Glucose (DMEM)

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER
Iscove’s Modified Dulbecco’s Life Technologies Cat: 12440-061
Medium (IMDM)

Human Holo-Transferrin Sigma-Aldrich Cat: T0665
Fetal Bovine Serum (FBS) BioTechne Cat: S11550
Penicillin-Streptomycin GIBCO Cat: 15140-122
Human Serum, Type AB Atlanta Biologicals Cat: S40110
Human Plasma, Type AB SeraCare Cat: 1810-0001
Humulin R (Insulin) Lilly Cat: NDC 0002-8215-01
Heparin Hospira Cat: NDC 00409-2720-01
Epogen (recombinant erythropoietin) Amgen Cat: NDC 55513-267-10
Recombinant human stem cell factor (SCF) PeproTech Cat: 300-07
Recombinant human interleukin-3 (IL3) PeproTech Cat: 200-03
Opti-MEM GIBCO Cat: 31985-062
StemSpan SFEM Il medium StemCell Technologies Cat: 02690
StemSpan CC100 StemCell Technologies Cat: 02690
FuGENE 6 Transfection Reagent Promega Cat: E2691
Polybrene Infection/Transfection reagent Millipore Cat: TR-1003-G
Recombinant Human Thrombopoietin PeproTech Cat: 300-18
UM171 StemCell Technologies Cat: 72912
2-mercaptoethanol Sigma Cat: M6250
PBS GIBCO Cat: 10010-023
1X SPRI beads Beckman Coulter Inc Cat: B23318
L-Glutamine Thermo Fisher Scientific Cat: 25-030-081
Penicillin/Streptomycin Life Technologies Cat: 15140-122
FastDigest Esp3I| Thermo Scientific Cat: FD0454
SYBR green 10X VWR International LLC Cat: 12001-796
Miul Thermo Fisher Scientific Cat: FERFD0564
PspLI Thermo Fisher Scientific Cat: FERFD0854
T4 DNA Ligase Reaction Buffer New England Biolabs Cat: B0202S
T7 Ligase Qiagen Beverly LLC Cat: L6020L
10% Giutaraldehyde Electron Microscopy Sciences Cat: 16121
Triton X-100 Sigma-Aldrich Cat: X100-1L
Bovine Serum Albumin Sigma-Aldrich Cat: A9418
Critical commercial assays

MinElute PCR Purification Kit QIAGEN Cat: 28004
NEBNext® High-Fidelity 2X PCR New England Biolabs Cat: M0541L
Master Mix

KAPA HiFi HotStart PCR ReadyMix KAPA HiFi HotStart PCR ReadyMix Cat: KK2602
Qubit dsDNA HS Assay Kit Thermo Fisher Cat: Q32854
Bioanalyzer High Sensitivity DNA Analysis Agilent Cat: 5067-4626
QIAquick Gel Extraction Kit Qiagen Cat: 28706X4
NucleoBond Xtra Maxi Macherey-Nagel Cat: 740424.50
QlAamp DNA Micro Kit (50) Qiagen Cat: 56304
QlAamp DNA Mini Kit (50) Qiagen Cat: 51304
QIAquick PCR Purification Kit Qiagen Cat: 28104

Q5 Hot Start High-Fidelity 2X Master Mix New England Biolabs Cat: M0492L
EasySep™ Human Cord Blood CD34 StemCell Technologies Cat: 17896
Positive Selection Kit Il

GE Healthcare HiTrap SP HP Cytiva 17115101

e2 Cell 186, 2456-2474.e1-e12, May 25, 2023

(Continued on next page)



Cell

¢? CellPress

OPEN ACCESS

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
NuPAGE 4 to 12% Bis-Tris gel Invitrogen NP0321BOX
Amicon Ultra-0.5 Centrifugal Filter Units Sigma-Aldrich UFC5100BK
Quick-DNA- FFPE kit Zymo D3067
Deposited data

Perturb(BE)-seq, scRNA-seq and bulk This study GEO: GSE215253
RNA-seq

Editing efficiency amplicon sequencing, This study PRJNA889818
pooled single-cell genotyping, and

functional screening sgRNA sequencing

Experimental models: Cell lines

293T cells ATCC Cat: CRL-3216

Experimental models: Organisms/strains

Mouse: NOD.Cg-Kit"""
MITyrtPridcs®@li2rg'™ "™/ThomdJ (NBSGW)

Jackson Laboratory

IMSR_JAX:026622

Oligonucleotides

Primers, oligonucleotides and sgRNAs IDT Tables S1, S2, S8, S4, and S5

Recombinant DNA

Modified CROP-seq vector for This study N/A

hematopoiesis screens

Protein purification vector: bacterial codon This study N/A

optimized ABE8e-Cas9NG

Protein purification vector: bacterial codon This study N/A

optimized evoFERNY-Cas9NG

Software and algorithms

Original code This study https://github.com/sankaranlab/
hematopoiesis_be_screens
https://doi.org/10.5281/zenodo.7781053

Base editor sgRNA design tool Github https://github.com/mhegde/
base-editor-design-tool

BCL Convert v4.0.3 lllumina N/A

Bcl2fastg2 v2.20 lllumina N/A

CRISPResso2 v2.0.45 Clement et al.”"” https://doi.org/10.1038/

CellRanger v6.0.1
Tapestri Pipeline v2
PHAST package

The PyMOL Molecular Graphics System,
Version 2.0

10X Genomics
MissionBio
Hubisz et al.
Schrédinger, LLC.

s41587-019-0032-3

N/A

N/A
http://compgen.bscb.cornell.edu/phast/
https://pymol.org/

Salmon v1.10.0 Patro et al.""® https://combine-lab.github.io/salmon/

kb-python Melsted et al. https://github.com/pachterlab/kb_python

Dynamo Qiu et al. https://github.com/aristoteleo/
dynamo-release

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Vijay G.

Sankaran (sankaran@broadinstitute.org).
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Materials availability
All plasmids described are available upon request to the lead contact.

Data and code availability
o Single-cell RNA-seq data have been deposited at GEO and are publicly available as of the date of publication. Single-cell gen-
otyping, editing efficiency and sequence data have been deposited at SRA and are all publicly available as of the date of pub-
lication. Accession numbers are listed in the key resources table.
@ All original code has been deposited at Github and Zenodo and is publicly available as of the date of publication. DOls are listed
in the key resources table.
® Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Primary human cells
Primary human CD34+ hematopoietic stem and progenitor cells (HSPCs) from mobilized peripheral blood of healthy donors were
purchased from the Fred Hutchinson Cancer Research Center.

Mice

For xenotransplantation assays NOD.Cg-Kit"V"#"Tyr*Prkdc°®li2rg"™""//ThomJ (NBSGW) mice were obtained from Jackson Labo-
ratory (026622).“° Littermates of the same sex (4 males and 5 females) were randomly assigned to experimental groups, and were
8 weeks old at the time of transplantation. All animal experiments were approved by the Boston Children’s Hospital Institutional An-
imal Care and Use Committee (A3303-01).

METHOD DETAILS

Base editor protein plasmids

Bacterial protein purification plasmids expressing ABE8e-Cas9NG (https://www.addgene.org/138489/) or evoFERNY (https://www.
addgene.org/125615/) Cas9NG, were bacterial codon-optimized using Genscript. Fragments were ordered as gBlocks (IDT) and
assembled using USER cloning into an N-terminal His-tag inducible bacterial expression plasmid.

Base editor protein purification

We optimized previously described base editor protein purification protocols.” Briefly, the base editor protein expression plasmids
were transformed into BL21 Star DE3 competent cells (Thermo Fisher, C601003). Bacteria were inoculated in Terrific Broth (TB) sup-
plemented with 25 ug/mL kanamycin (Sigma-Aldrich, K4000-25G) at 37°C until the optical density at 600 nm reached 1.5. The culture
was then cooled down and supplemented with 30% L-rhamnose (Sigma-Aldrich, R3875-100G) to a final concentration of 0.8% to
induce protein expression at 18°C for 24 hours. The cell pellets were collected and flash frozen and stored at -80°C. The procedures
that follow were performed on the same day and at 4°C. Cell pellets from 1L of culture were resuspended in 30 mL cold bacterial lysis
buffer (20 mM HEPES 7.5 (Gibco, 15630080), 2 M NaCl, 10% Glycerol, 1 mM TCEP (Thomas Scientific, 51805-45-9), 2 tablets of
Roche EDTA-free complete protease inhibitor cocktail (Roche, 11697498001), 75 U DNase | solution (Thermo Scientific, 90083) fol-
lowed by lysis twice by a homogenizer (Microfluidics) at ~18,000 psi. The lysate was centrifuged at 40,000 g at 4°C for 30 minutes.
The supernatant was collected and incubated with 0.75 mL Ni-Penta resins (Marvelgent Bioscience, 11-0227-010) at 4°C for 1 hour.
Subsequently, the solution was flowed through a disposable chromatography column (QIAGEN, 30210) at 4°C. The column was
further washed with 100 mL wash buffer (20 mM HEPES 7.5, 2 M NaCl, 10% Glycerol, 1 mM TCEP, 25 mM Imidazole (GoldBio,
1-901-25). The protein was subsequently eluted with an elution buffer (20 mM HEPES 7.5, 10% Glycerol, 1 mM TCEP, 500 mM Imid-
azole). The elution was collected and analyzed by SDS-PAGE before a further purification step by cation exchange chromatography
using GE Healthcare HiTrap SP HP (Cytiva, 17115101) on an Akta Pure25 FPLC system (Cytiva, 29018224). The low salt buffer for
cation exchange chromatography was prepared using 20 mM HEPES 7.5, 10% Glycerol, and 1 mM TCEP. The high salt buffer
was prepared using 20 mM HEPES 7.5, 2 M NaCl, 10% Glycerol, and 1 mM TCEP. The purification fractions were run on an
NUuPAGE 4 to 12% Bis-Tris gel (Invitrogen, NP0321BOX), and fractions of the right size were pooled and concentrated with a Amicon
Ultra-0.5 Centrifugal Filter Unit (Sigma, UFC5100BK) to around 60 pM (determined by Nanodrop) and flash frozen and stored
at -80°C.

Cell culture

Primary human CD34+ hematopoietic stem and progenitor cells (HSPCs) from mobilized peripheral blood of healthy donors were
purchased from the Fred Hutchinson Cancer Research Center. Cells were cultured in StemSpan SFEM Il human hematopoietic
stem cell expansion media (StemCell Technologies, 02690) with 1% L-glutamine (Thermo Fisher Scientific, 25-030-081) and 1%
penicillin/streptomycin (Life Technologies, 15140-122) and supplemented with the CC100 cytokine cocktail 100x (StemCell
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Technologies, 02690) and 50 ng/mL human TPO (PeproTech, 300-18). This strategy allows for expansion of CD34+ cells on the initial
days of culture and multilineage hematopoietic differentiation over the course of 7-10 days.

In the benchmarking experiments (Figures 1, S1, and S7), as well as the CD33 base editor screens in HSPCs, the transplant into
NBSGW mice (Figures 2 and 7), and the GATA1 pooled single-cell genotyping experiments (Figure 5) the stem cell expansion culture
media described above was additionally supplemented with 35 uM UM171 (Stem Cell Technologies, 72912) to maximize mainte-
nance of undifferentiated HSPCs.

To induce erythroid differentiation (Figures 4, 5, 6, and 7), HSPCs were differentiated into red blood cells utilizing a three-phase
culture protocol, as we have described and characterized previously.*'% In phase 1 (day 0-7), cells were cultured in IMDM (Life
Technologies, 12440-061) supplemented with 3% human AB serum (Atlanta Biologicals, S40110), 2% human AB plasma
(SeraCare, 1810-0001), 1% penicillin/streptomycin (Life Technologies, 15140-122), 10 pg/mL insulin (Lilly, NDC 0002-8215-01),
3 IU/mL heparin (Hospira, NDC 00409-2720-01), 200 pg/mL holo-transferrin (Sigma-Aldrich, T0665), 10 ng/mL stem cell factor
(SCF) (Peprotech, 300-07), 1 IU erythropoietin (EPO) (Amgen, NDC 55513-267-10) and 1 ng/mL IL-3 (Peprotech, 200-03). In phase
2 (days 8-13), IL-3 was omitted from the medium. In phase 3 (day 14-21), both IL-3 and SCF were omitted from the medium and the
holo-transferrin concentration was increased to 1 mg/mL. In the fetal hemoglobin functional screen, cells were profiled on day 13 of
erythroid differentiation. For colony-forming assays, HSPCs were plated in MethoCult H4434 (StemCell Technologies, 04434), in
three 35mm dishes (technical replicates) for each biological replicate and grown at 37°C with 5% CO, for 14 days.

In the HBG1/2 promoter and GATA1 systematic mutagenesis screens (Figures 4, 5, and 6), cells were initially transduced and
cultured in the expansion medium described above for 4 days, transitioned to phase | erythroid media, and electroporated on day
5. For the HBG1/2 promoter screen, cells were profiled on day 13 of erythroid differentiation, prior to enucleation. In the experimental
validation of the GATA1 VUSes (Figures 6 and 7) cells were cultured in expansion media for 2-3 days prior to electroporation.

Base editor protein electroporation
Cells were washed three times in DPBS prior to electroporation, to remove any residual RNAses present in the culture media
that could interfere with editing. We first diluted freshly thawed base editor protein in P3 Lonza buffer with supplement (Lonza,
V4XP-3032). The final amount of protein per electroporation ranged between 20-40 pg, and was optimized using the base editing
activity of the batch as assessed on titration experiments in primary HSPCs (refer to Figure S1B for a representative example).
The final volume of ribonucleoprotein or base editor protein in the buffer with supplement was 17 pL. In experiments with ribonucleo-
protein, 1.57uL of chemically-modified sgRNAs (IDT) resuspended at 100 uM in IDTE pH 7.5 (IDT, 11-01-02-02) were pre-complexed
for 5-20 minutes with the diluted editor protein. 400,000-500,000 HSPCs were added per electroporation reaction in 5.1 uL of Lonza
P3 buffer with supplement. Then, the 17 uL of editor material were added to the cuvette and gently mixed three times. Cells were
electroporated using the DZ-100 program in a 4D-Nucleofector X Unit (20 uL cuvettes). Immediately after electroporation, 80 puL
of prewarmed media were added to the electroporation cuvette, which was placed in an incubator at 37°C for 5 minutes.
Cells were then plated at a density of 500,000 cells/mL in the adequate complete media. In pooled screens, transduced cells
were optionally enriched using FACS immediately prior to electroporation (Figure 1A) as described below in the corresponding
section. This allowed to reduce the number of electroporations, given the transduction at low MOI of millions of cells.

For the HBG1/2 promoter screen, we performed two sequential electroporations within 24 hours to increase editing efficiency, with
minimal impact on cell viability and differentiation of the cells.

Cas9 protein electroporation

Cells were washed three times in DPBS prior to electroporation, to remove any residual RNAses present in the culture media that
could interfere with editing. A master mix of Cas9 ribonucleoprotein was prepared by combining 2.1uL of DPBS, 1.2uL of 100uM
sgRNA in IDTE pH 7.5 (IDT) and 1.7uL of 62uM Alt-R S.p. HiFi Cas9 Nuclease V3 (IDT, 1081061), with gentle swirling while pipetting.
Following the cell washes described above, cells were resuspended in 20uL of P3 Lonza buffer with supplement (Lonza, V4XP-3032).
5ulL of the Cas9 ribonucleoprotein master mix and 1uL of 100uM Electroporation enhancer (IDT) were added to the cells, gently mixed
three times, and transferred to an electroporation cuvette. Cells were electroporated using the DZ-100 program in a 4D-Nucleofector
X Unit (20 uL cuvettes). Immediately after electroporation, 80 uL of prewarmed media were added to the electroporation cuvette,
which was placed in an incubator at 37°C for 5 minutes. Cells were then plated at a density of 500,000 cells/mL in the adequate com-
plete media. In Figure S1D, the condition with Cas9 alone was prepared as described above but the sgRNA was replaced by an
equivalent volume of DPBS.

Single-guide RNA design
Single-guide RNAs for screens were designed targeting every possible adenine within positions 4-8 of the protospacer that had a
compatible NG PAM using https://github.com/mhegde/base-editor-design-tool. Given that there are many less sgRNAs per variant
than in Cas9 KO screens, we decided to keep poly-T and poly-A homopolymers despite the known impairment of synthesis and
expression (Figure S1G), and to instead perform filtering during analysis.

For the HBG1/2 screen, we designed all possible targeting guides with compatible PAM 300 base pairs upstream of the HBG
promoter. The high homology of this region enables targeting of both promoters using the same sgRNAs. 10 additional sgRNAs
from the GecKO v2 library that did not target anywhere in the genome were added.
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For the GATA1 screen, we designed all possible missense-targeting guides covering all exons of ENST00000376670.9, as well as
the exon-intron junctions and control non-coding mutations. We also included a number of sgRNAs targeting the 5 UTR of GATAT.
To produce a more compact library, a fraction of sgRNAs that only mediated silent edits or did not have adenines within the editing
window were removed. Thus, our library targets 233 out of the 414 codons of GATAT (56.3%). Of these 233 codons, we target
missense mutations in 219 and synonymous mutations in 14, several with multiple guides. The number of synonymous mutations
editable by ABE8e-Cas9NG is higher (and in fact a fraction of the missense-targeting guides also targets additional synonymous mu-
tations), but we filtered out most of the synonymous-mutation introducing guides from the library to reduce the number of cells
required for the screen. 10 additional sgRNAs from the GecKO v2 library that did not target anywhere in the genome were included.

For the CD33 screens, adenine base editor and cytosine base editor compatible sgRNAs targeting (with an NG PAM) all splice sites
were designed using SpliceR v1.14 for transcript ENST00000262262.5.*° 10 additional sgRNAs from the GecKO v2 library that did
not target anywhere in the genome were added, and an sgRNA targeting the chromosome 4 site was included in the ABE screen
(Figure S1C).""° Additionally, we included several sgRNAs targeting the CD33 gene in non-splice regions as controls.

Lentiviral vector

All screens were performed with an optimized CROP-seq vector. A modified version of the CROP-seq-opti vector' " was obtained by
replacing the 5th base pair following the protospacer with a C instead of a G."'>'"® Additionally, the puromycin resistance cassette
was replaced with violet-excited green fluorescent protein (GFP-Vex) to facilitate lentiviral titration and precise FACS-enrichment of
infected cells. PspLI (Thermo Fisher Scientific, FERFD0854) and Mlul (Thermo Fisher Scientific, FERFD0564) were used to excise the
puromycin resistance marker and a gBlock with the GFP-Vex sequence was cloned into the digested vector using the same
restriction site overhangs. These modifications simplified lentiviral titration, eliminated potential toxicities associated with antibiotic
selection, and allowed for cost-effective and efficient screening of phenotypes even with low numbers of cells. The library assembly
protocol was engineered to be compatible with simple and efficient Golden Gate cloning, as described below.

Golden Gate cloning

To assemble lentiviral libraries''* or individual sgRNA lentiviruses, 58-bp individual oligonucleotides or pools were ordered from
Integrated DNA Technologies at a 50 pmol scale (standard desalting), and resuspended at a 10 uM concentration (ordered as
GAGCCTCGTCTCCCACCG-[20bp protospacer]-GTTTTGAGACGCATGCTGCA).

An initial extension reaction was performed using the oligo pool (Tables S2-S5) or the individual oligonucleotide, NEB Q5 Hot Start
High-Fidelity 2X Master Mix (M0492L) and extension_reaction_primer (Table S1). The following parameters were used for extension:
98°C for 2 minutes; 10 cycles of (64°C for 30 seconds and 72°C for 20 seconds); 72°C for 2 minutes; and hold at 4°C. The product was
purified using the QlIAquick PCR Purification Kit (QIAGEN, 28104), eluted in 25 uL of water. The vector was digested at 37°C for 4-6
hours with 100 uM DTT and FastDigest Esp3I (Thermo Scientific, FD0454), followed by gel purification with QIAquick Gel Extraction
Kit (QIAGEN, 28706X4).

A Golden Gate reaction was prepared using 500 fmol of vector and 10,000 fmol of purified extension reaction product (with the
volume required for each calculated using its fragment length and its concentration measured by Nanodrop) with 7uL of
FastDigest Esp3l (Thermo Scientific, FD0454), 7uL of T7 Ligase (Qiagen Beverly LLC, L6020L), 20uL of T4 DNA Ligase Buffer
(NEB, B0202S) and nuclease-free water to a final reaction volume of 200 uL. The following parameters were used for assembly:
99 cycles of (37°C for 2 minutes and 16°C for 5 minutes), 37°C for 30 minutes and hold at 4°C.

The following morning the product was purified using Zymo DNA Clean & Concentrator- 5 (77001-152) and eluted in 10 pL of water.
2 uL of Purified Golden gate products were transformed into Endura™ Electrocompetent Cells (Biosearch Technologies, 71003-038)
using the Biorad Gene Pulser Xcell Total Electroporation System (1652660) with the following parameters: 1.8 kV, 25 uF and 200 Q.
Bacteria were recovered for 20 minutes in the kit’s recovery media. 2 uL of bacteria were used to create 4 serial dilutions to evaluate
the transformation efficiency and the remaining bacteria were inoculated in 500 mL of LB with 100 pg/ml penicillin/streptomycin (Life
Technologies, 15140-122) and grown overnight at 30°C. 16-18 hours later, plasmid DNA was extracted using the NucleoBond Xtra
Maxi kit for endotoxin-free plasmid DNA (Macherey-Nagel, 740424.50) and eluted in 200-400 L of nuclease-free water.

Lentiviral production
293T Human Embryonic Kidney cells (ATCC, CRL-3216) were cultured in 10 cm? plates (Corning, 430293) with DMEM (Life Technol-
ogies, 1965-118) with 10% FBS (BioTechne, S11550) and 1% penicillin/streptomycin (Life Technologies, 15140-122). Cells were
expanded to reach ~80% confluency per plate on the day of transfection. 5-20 10 cm? plates were prepared per lentiviral construct.
For each plate, 9 ng of pA 8.9 packaging plasmid, 1 ug of VSV.G envelope plasmid, 10 png of sgRNA vector construct and Opti-MEM
media (Gibco, 31985-062) to a final volume of 320 uL were added. The mix was then placed in a Corning® 96-Well Round-Bottom
plate (Corning, 38018). 120 uL of FUGENE transfection reagent (Promega, E2691) per plate equivalent were added to the wells while
gently swirling the pipette tip and avoiding contact with the walls of the well. The resulting mix was added dropwise to each 293T
plate. 12-16 hours later, 293T media was removed and changed to DMEM with 20% FBS and 1% penicillin/streptomycin. 24 hours
later the media was harvested in 50 mL tubes (and placed at 4°C), and replaced again with DMEM with 20% FBS and 1% Pen/Strep.
24 hours later the media was harvested again and pooled together with the day 1 harvest.
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The viral media was filtered through a Stericup 0.45 um PVDF membrane (Millipore, SCHVUO1RE), and transferred to ultra clear
centrifuge tubes (Beckman Coulter, 344058). Virus was subsequently concentrated using a Beckman Coulter SW32Ti Ultracentrifuge
with the following parameters: Speed: 24,000 rpm, time: 1 hour and 30 minutes, Temperature: 4°C, maximum acceleration and decel-
eration 9. The supernatant was removed and the virus pellet was resuspended with the appropriate media. Concentrated virus was
stored at -80°C until further usage.

HSPC lentiviral transduction

Millions of HSPCs were transduced at a density of 500,000-1 million cells per mL 1-2 days after thawing (Figure 1A). Concentrated
virus was added to CD34+ HSPCs along with 8 ng/mL polybrene (Sigma Aldrich, TR-1003-G). Cells were then spinfected at
2,000 rpm for 90 mins at 37°C. 12-16 hours after spinfection, the media was replaced by the appropriate complete media. We
targeted low MOls (10-25% of transduced cells) and relied on FACS enrichment of transduced cells prior to single-cell genomics
applications (Figures 1A and S3G).

We always ensured we had excess sgRNA coverage to avoid dropout in the screens. We used high coverage for functional screens
(>3000x for CD33, >7,500x for HBG1/2 and >3,000x for GATA1) at every step. This number can be likely reduced to approximately
1,000 cells per sgRNA while still maintaining adequate coverage for the majority of the guides. A critical procedure that we imple-
mented was the sorting of infected cells prior to electroporation. This procedure is not absolutely necessary, but it allows for the
transduced cells to be enriched by over 5-fold.

Flow cytometry sample preparation
For extracellular stains, cells were spun at 400 x g for 5 minutes and washed twice with FACS buffer (PBS with 1% FBS). Cells were
stained with conjugated antibodies in 100 pL of FACS buffer for 30 minutes in the dark at 4°C (key resources table). Following incu-
bation, cells were washed twice in FACS buffer and resuspended at an appropriate density for analysis or sorting.

For FACS enrichment prior to electroporation (Figure 1A), cells were simply spun down at 370 x g for 5 minutes and resuspended in
PBS. For FACS enrichment prior to single-cell genomics, cells were resuspended in PBS + BSA 0.05% (Sigma-Aldrich, A9418).

For the intracellular fetal hemoglobin stain for the functional screen and the validation experiments (Figure 4), cells were washed
with PBS-0.1% BSA (Sigma-Aldrich, A9418) and fixed in 500 pL of cold 0.05% glutaraldehyde (Electron Microscopy Sciences,
16121) for 10 minutes at room temperature, with vortexing after glutaraldehyde addition. Cells were then washed 3 times with
2 mL of PBS-0.1% BSA. The pellet was resuspended by vortexing in 0.5 mL 0.1% Triton X-100 (Sigma-Aldrich, X100-1L) and incu-
bated for 5 minutes at room temperature. Cells were washed once with 2 mL of PBS-0.1% BSA, resuspended in 70 pL with 2 pL of
Fetal Hemoglobin Monoclonal Antibody APC (Life Technologies, MHFHO05) per 500,000 cells and incubated for 15 minutes at room
temperature. Cells were washed twice with 2 mL of PBS-0.1% BSA and resuspended in the appropriate volume of FACS buffer prior
to sorting.

Fluorescent-activated cell sorting (FACS)

To maximize recovery of cells, 1.5mL or 5 mL low-bind tubes (Eppendorf, 0030122356) were coated with 1mL of sterile FACS buffer
(PBS +1% FBS) or PBS+0.05% BSA for single-cell genomic experiments and set aside. Cells were sorted using a Sony MA9QO in-
strument. Following sorting, tubes were spun at 450 x g for 5 minutes. Cell pellets were either resuspended in media for continued
culture, flash frozen for prolonged storage at -80°C or processed for genomic DNA extraction.

Editing efficiency
Genomic DNA (gDNA) was extracted from edited cells using Qiagen Micro or Mini kits, depending on the number of input cells
(QlAamp DNA Micro Kit: 56304 and QlAamp DNA Mini Kit: 51304). For very low input cell numbers (e.g. certain cell sorts of rare pop-
ulations), carrier RNA was included during gDNA extraction and elution volumes were reduced to the minimum recommended.
NCBI’'s PrimerBLAST was used to design primers specific to the target locus for an amplicon of 150-350bp of size, with the forward
primer less than 100bp away from the targeted location (Table S1)."'® An initial pre-amplification PCR was performed on 100ng of
gDNA, which were added to a mixture of NEB Q5 Hot Start High-Fidelity 2X Master Mix and primers following the New England Bio-
labs protocol for a 25 pL PCR reaction. The following parameters were used for PCR: 98°C for 30 seconds; 24-28 cycles of (98°C for
20 seconds, annealing temperature for the primer pair for 20 seconds, 72°C for 20 seconds); 72°C for 2 minutes; and hold at 4°C. The
optimal annealing temperature was determined using New England Biolabs Tm calculator. The optimal number of cycles was deter-
mined using quantitative PCR (gPCR). The gPCR mixture contained 12.5uL Q5 2X Master Mix, 1.25uL of 10uM forward primer,
1.25uL of 10uM reverse primer, 2.5uL of SYBR green 10X (VWR International LLC, 12001-796), 100ng of gDNA and water up to 7.5pL.
The 25uL PCR product was diluted to 50uL, from which 40uL were purified using one round of 1X SPRI beads (Beckman Coulter,
B23318) and eluted in 50uL of water. lllumina universal adapters were added in a final PCR reaction. 3uL of the purified PCR pro-
duced were added to a mixture of 5uL Q5 2X Master Mix, 1uL of 5uM uniquely indexed P5 universal lllumina adaptor and 1puL of
5uM uniquely indexed P7 universal lllumina adaptor, using the following parameters: 98°C for 30 seconds; 4-10 cycles of (98°C
for 10 seconds, annealing temperature for the primer pair for 20 seconds, 72°C for 20 seconds); 72°C for 2 minutes; and hold at
4°C. The optimal number of cycles was again determined using gqPCR. PCR products were purified using one round of 1X SPRI
beads. The concentration and size of the libraries were assessed using the Agilent 2100 Bioanalyzer High Sensitivity DNA kit (Agilent
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Technologies, 5067-4626 and 5067-4627). If heteroduplex PCR-bubble products were identified on the Bioanalyzer, the number of
cycles of the final PCR reaction was reduced. Libraries were pooled and sequenced in an lllumina Miseq system (with Nano, Micro, or
regular flow cells depending on the number of samples) generally using a 150-160 base pair (Read 1), 150-160 base pair (Read 2), and
8 base pair (Index 1) configuration (with variations for certain amplicons).

Functional screen sample processing

Genomic DNA was extracted and processed as described in the previous section, with the following modifications. For functional
screens, all available genomic DNA was processed in 96-well plates, using 100ng of DNA per PCR reaction. Upon completion the
reactions for each sample were then pooled and purified using SPRI beads. In the HBG1/2 functional screen, multiple PCR2 were
performed per PCR1 pool, which were treated as technical replicates for analysis. To increase library diversity during sequencing,
we used a staggered forward primer targeting the U6 promoter and a reverse primer hybridizing to the vector’s scaffold
(Table S1). This same strategy was employed to assess library diversity from cloned library plasmids prior to lentiviral production.
Libraries were sequenced in an lllumina Miseq, Nextseq 500 or Nextseq 2000 instrument depending on the number of samples
and desired read-depth.

For cells fixed for intracellular fetal hemoglobin analysis, the Quick-DNA FFPE kit (Zymo, D3067) was used to extract gDNA directly
after sorting. Cells were not subjected to the deparaffinization solution step and samples were digested overnight at 55°C for 12-16
hours. Beta-mercaptoethanol (Sigma-Aldrich, M6250) was included in the genomic lysis buffer at a concentration of 0.5%. To maxi-
mize DNA yield, the elution water was heated to 60°C and two 50 pL elutions were performed per sample.

Real-time quantitative PCR (RT-qPCR)

Total RNA was extracted using the AllPrep DNA/RNA Mini Kit (QIAGEN, 80204) or the RNeasy Mini Kit (QIAGEN, 74106). RNA was
reverse transcribed using the iISCRIPT cDNA Synthesis kit (Bio-Rad, 1708891) following manufacturer’s instructions. RT-gPCR was
performed using iQ SYBR Green Supermix (Bio-rad, 1708880) and the CFX384 Touch Real-Time PCR Detection System (Bio-Rad).
Primers used are listed in Table S1.

Full-length RNA sequencing for isoform analysis
Total RNA extracted from edited erythroblasts on day 9 post-electroporation was processed using the SMART-Seq v4 ultra low Input
RNA Kit for Sequencing (TAKARA, 634889) and sequenced on a Nextseq 2000 instrument.

Morphological analysis of primary cell cultures

To analyze the morphology of base-edited differentiating primary cell cultures, 100,000 cells were harvested, washed and centri-
fuged using a Cytospin 4 centrifuge (Thermo Scientific) at 500rpm for 5 minutes with low acceleration. Air-dried slides were stained
using May-Griinwald solution (Sigma Aldrich, MG1L) for 5 minutes, rinsed 4 times for 30 seconds in water, and stained using Giemsa
solution (Sigma Aldrich, 32884) for 15 minutes. Slides were examined using a Mica instrument (Leica Microsystems).

Transplantation of HSPCs into NBSGW mice

For xenotransplantation assays NBSGW mice were obtained from Jackson Laboratory (026622).*° Littermates of the same sex (4
males and 5 females) were randomly assigned to experimental groups, and were 8 weeks old at the time of transplantation. All animal
experiments were approved by the Boston Children’s Hospital Institutional Animal Care and Use Committee (A3303-01).

Mice of 8 weeks of age were injected with healthy newborn umbilical cord blood-derived CD34+ HSPCs. Discarded cord blood
units were obtained from the Pasquarello Tissue Bank at Dana-Farber Cancer Institute (IBC-P00000180). Umbilical cord blood-
derived CD34+ cells were isolated using the EasySep™ Human Cord Blood CD34 Positive Selection Kit Il (StemCell Technologies,
17896) cultured in StemSpan SFEM Il human hematopoietic stem cell expansion media (StemCell Technologies, 02690) with 1%
L-glutamine (Thermo Fisher, 25-030-081) and 1% Penicillin/Streptomycin (Life Technologies, 15140-122) and supplemented with
the CC100 cytokine cocktail 100x (StemCell Technologies, 02690), 50 ng/mL TPO (PeproTech, 300-18) and 35 uM UM171
(StemCell Technologies, 72912).

200,000-300,000 CD34+ cells per mouse were injected via tail vein 2-3 days following base editor ribonucleoprotein electropora-
tion. To monitor engraftment, peripheral blood was sampled at 6-, 12- and 16-weeks post-transplantation by retro-orbital sampling.
At 16 weeks post transplantation, animals were sacrificed, and bone marrows and spleens were collected. Bone marrow cells were
collected by flushing of bilateral femurs and tibias. Human chimerism was assessed by flow cytometry using anti-human-CD45 and
anti-mouse-CD45 antibodies.

Cell type composition and CD33 protein levels were additionally measured using 10X Genomics scRNA-seq with Feature Barcod-
ing technology. A TotalSeq™-B0052 (BioLegend, 366635) anti-CD33 antibody was added to the cells. Cells were then processed
using v3.1 Chemistry Dual Index kits with Feature Barcoding technology (10X Genomics). Sequencing reads were aligned to a com-
bined mouse and human reference genome using Cellranger count, and mouse cells were filtered out. Gene expression matrices
were normalized using Seurat v4 NormalizeData, which performs log transformation of counts scaled by a factor of 10,000. Standard
processing of the data with FindVariableFeatures, ScaleData, RunPCA, FindNeighbors (using 40 dimensions), FindClusters and
RunUMAP was performed.
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Perturb(BE)-seq

Following final FACS enrichment to remove debris and purify transduced cells, 5-mL PBS-BSA coated tubes described above were
spun down at 400 x g for 5 minutes at 4°C. The entire supernatant was carefully removed and 1mL of PBS+0.05% BSA was added.
Cells were then counted twice using an automated Countess 2 cell counter (Thermo Fisher, I-CACC?2). Cell viability as determined by
Trypan Blue was always >95%. Cells were again washed with 5mL PBS+0.05% BSA and resuspended at a final concentration of
1,000 cells / puL and kept on ice. Single-cells were immediately processed using v3.1 Chemistry Dual Index kits according to
manufacturer’s instructions (10X Genomics), using 20uL of cell suspension and 23.2 uL of water on the cell suspension loading
step. Libraries were sequenced using a 28 base pair (Read 1), 10 base pair (Index 1), 10 base pair (Index 2), 90 base pair (Read 2)
configuration on Nextseq 2000 or Novaseq S4 instruments.

For the arrayed CD33 Perturb(BE)-seq experiment (Figure 3), each of the four conditions were transduced and electroporated
separately. Following final FACS enrichment, a similar number of cells from each of the conditions were pooled together. A
TotalSeq™-B0052 (BioLegend, 366635) anti-CD33 antibody was added to the cells, using the 10X Genomics Cell Surface Protein
Labeling “Wash Protocol 1”. Cells were then processed using v3.1 Chemistry Dual Index kits with Feature Barcoding technology
(10X Genomics).

Notably, we were able to detect enough CROP-seq reads to assign single-cell perturbations in 72.8% of cells even without PCR
enrichment at only ~20,000 reads per cell in gene expression libraries (Figures S3C and S3D). PCR enrichment increased the CROP-
seq transcript counts by 15-fold per cell and allowed CROP-seq transcript detection in 94.8% of cells. Importantly, the dominant
perturbation was still concordant in 95.6% of the cells in which CROP-seq transcripts were detected with both strategies
(Figures S3D-S3F). In terms of the implications of the workflow, it only adds approximately one day to the protocol, so in practice
we recommend always performing the PCR enrichment, which might be especially beneficial in screens performed at high MOls.
To enrich CROP-seq polyadenylated transcripts containing the identity of the perturbation, or other transcripts of interest (e.g.
GATA1) we adapted the PCR-based enrichment strategy reported in A’Khafaji et al.’'® Following the initial enrichment PCR1 with
primer F_CROPseq_PCR1 (Table S1) and AAO272, we performed PCR2 reactions using 15uL of Q5 Hot Start High-Fidelity 2X Master
Mix (NEB, M0492L), 1.25 pL 25uM of each uniquely indexed universal lllumina adaptor and 12.5uL of PCR1 product, using the
following parameters: 98°C for 30 seconds; 28 cycles of (98°C for 15 seconds, 69°C for 15 seconds, 72°C for 20 seconds); 72°C
for 2 minutes; and hold at 4°C. PCRs for the same sample were then pooled, purified using one round of 1X SPRI beads (Beckman
Coulter, B23318) and eluted in EB buffer, which was quantified using the Agilent 2100 Bioanalyzer High Sensitivity DNA kit (Agilent
Technologies, 5067-4626 and 5067-4627). Libraries were sequenced using a 28 base pair (Read 1), 8 base pair (Index 1), and 20-42
base pairs (Read 2) configuration on Nextseq 500 or Nextseq 2000.

Massively parallel single-cell pooled genotyping

To couple the identity of each sgRNA with the base edits it mediates at endogenous loci in primary HSPCs, 30 non-overlapping am-
plicons (ranging 189-265bp sizes) targeting genomic DNA GATA1 exons and exon-intron junctions, AAVS1, CD33, and the HBG1/2
promoters were designed (Table S1). We also included a primer pair targeting the sgRNA sequence and 6 additional primers targeting
other regions of the integrated CROP-seq lentiviral vector. This way, for each single-cell, we would profile amplicons containing the
sgRNA information as well as the mutational status at the target locus.

As a proof-of-concept for this strategy, we transduced the HBG1/2 and GATA1 ABE systematic mutagenesis libraries and electro-
porated ABE into HSPCs. For GATA1, HSPCs were maintained in HSPC stem cell expansion media supplemented with 35uM
UM171, as described above, to reduce dropout of deleterious mutations impairing erythropoiesis. Following final FACS enrichment
to remove debris and purify transduced cells, 5-mL PBS-BSA coated tubes described above were spun down at 400 x g for 5 minutes
at 4°C. The entire supernatant was carefully removed and 1mL of PBS was added. Cells were then counted twice using an automated
Countess 2 cell counter. Cell viability as determined by Trypan Blue was always >95%. Cells were again washed with 5mL PBS and
resuspended at a final concentration of 4,000 cells / uL in Cell Buffer kept on ice. Cells were immediately processed using Tapestri
Single-Cell DNA Sequencing V2 (Mission Bio) following manufacturer’s instructions. Libraries were sequenced using a 150 base pair
(Read 1), 8 base pair (Index 1), 8 base pair (Index 2), 150 base pair (Read 2) configuration on Nextseq 500 or Nextseq 2000
instruments.

Two patients with GATA1 variants of unknown significance

The first patient (XY male) carrying the ¢.220+2T>C (chrX:48791331T>C) GATA1 VUS was first found to be anemic at 10 months
during a pre-operative evaluation. At 3 years of age, remarkable findings included anemia with hemoglobin 6.8 g/dL (normal range
11-13.7 g/dL) and MCV 79 fL (normal range 75-86 fL) and thrombocytosis with 1,021 x 10° platelets/L (normal range 150-450 x 10°
platelets/L). A bone marrow biopsy revealed a reportedly normocellular marrow with dyserythropoiesis. No cytogenetic abnormalities
were noted. A hemizygous T>C variant at the ¢.220+2 position (chrX:48791331) of GATA1 was identified, and the patient received the
diagnosis of congenital dyserythropoietic anemia. The patient remained transfusion-dependent every 3-5 weeks with resultant trans-
fusion-related iron overload. On follow-up at 16 years of age, persistent anemia with hemoglobin 7.9 g/dL (normal range 12.4-16.4
g/dL) and MCV 84 fL (normal range 80-96 fL), thrombocytopenia with 115 x 10° platelets/L (normal range 150-450 x 10° platelets/L),
and elevated erythropoietin levels of 2,823 mU/mL (normal range 2.6-18.5 mU/mL) were noted. A bone marrow aspirate at 16 years of
age revealed erythroid hypoplasia and dysplastic features in megakaryocytes. Cytogenetics revealed a new appearance of
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monosomy 7 in 15% of interphase nuclei. The patient was enrolled in the clinical trial NCT02720679 and is undergoing further workup
for potential stem cell transplantation.

The second patient (XY male) carrying the ¢.218C>T (chrX:48791327C>T) GATAT VUS was referred with anemia at 12 months old.
Hemoglobin ranged 7.5-8.3g/dL (normal range 11-13.5 g/dL) and MCV was 90.1-96.8 fL (normal range 73-85 fL) with no known
family history of the condition. Adenosine deaminase levels of 1,350 mU/g Hb (normal < 1,000mU/g Hb) and erythropoietin levels
of 1,245 mU/mL (normal range 2.6-18.5 mU/mL) were detected. Bone marrow biopsy revealed hypercellularity with atypical mega-
karyocytic hyperplasia, erythroid hypoplasia, and some dyserythropoietic features (Figure S7A). A normal karyotype was noted. At
22 months of age the bone marrow biopsy was repeated and remained unchanged. An extended sequencing panel including
commonly mutated genes in Diamond-Blackfan anemia revealed the ¢.218C>T variant in GATAT. Steroid therapy was initiated after
a descent in height percentile was noted concomitant with worsening anemia (hemoglobin of 6.8 g/dL). This treatment resulted in
normalization of hemoglobin levels for his age (11.2 g/dL) and thrombocytosis (997 x 10° platelets/L). The patient remains on
corticosteroid therapy.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical tests are indicated in the figure legends. Statistical significance is denoted in Figures using the following notation: ns, not
statistically significant; ****, p < 0.001; ***, p < 0.001; **,p < 0.01; *,p < 0.05. All error bars represent standard deviation.

Analysis of editing efficiencies

Raw fastq.gz files were demultiplexed using the bcl2fastq v2.20 conversion software. Editing efficiency analysis was performed using
CRISPResso2.""” In Figure S1D, editing efficiencies were corrected by the percentage of cells transduced with the vector, measured
by flow cytometry, as transduced cells in this experiment were not FACS-purified prior to gDNA extraction.

Analysis of plasmid library diversity
Demultiplexed fastq.gz files were loaded using the readFastq package and the sgRNA sequencing flanking “CACCG” and “GTTT”
was extracted. The small percentage of sgRNAs that were present at low levels were filtered out.

Analysis of functional base editing screens

For the CD33 and HBG1/2 screens, demultiplexed fastq.gz files were quantified using poolQ v3.3.2. Technical replicates were first
quantified individually and then their reads were combined after confirming consistent behavior across them. The log normalized
counts for each file were computed as logs(number of reads for a given sgRNA / number of reads of all sgRNAs in the sample -
10° + 1). We decided to keep poly-T and poly-A homopolymer sgRNAs on the original designs despite the known impairment of syn-
thesis given that some could still perform well on the screen (Figure S1G), and instead performed filtering at this stage. sgRNAs with
low frequencies across conditions were also filtered out. To compute enrichment and depletion among groups, the difference of the
log normalized counts of the two conditions was computed. Then, the resulting log,(fold change) was z-scored as follows:

log, (fold change individual sgRNA) — mean(log,(fold change all sgRNAs))
sd(log,(fold change all sgRNAS))

Pre-processing of Perturb(BE)-seq data

Raw bcl files were demultiplexed using Cellranger v6.0.1 mkfastqg and gene expression matrices were obtained using Cellranger
count. CROP-seq transcript reads were either aligned to a custom reference with the sequence of the sgRNAs, or processed using
Cellranger count as “crispr” feature barcoding samples, with similar results. The custom reference was created using STAR with the
—genomeSAindexNbases 7 parameter, using 126 bases upstream of the scaffold, the scaffold sequences, and 60 base pairs down-
stream of the scaffold. GATK CreateSequenceDictionary was run on the resulting fasta custom genome file and STAR alignment was
performed using default alignment parameters. Read names and the identity of aligned sgRNAs were extracted from the resulting
bam files and used to subset R2 and R1 fastq.gz files using Seqtk subseq. From each R1, the first 16bp were extracted to recover
the cell barcode (CB) identity, and the following 12bp were assigned to the UMI. The resulting matrices (with CB, UMI, and sgRNA)
were deduplicated using the UMI and filtered using the CB present in the gene expression matrices. When processed using Cell-
ranger count, CB and UMI error correction were additionally performed. CD33 barcoded-antibody counts were also quantified using
Cellranger count.

The dominant sgRNA for each single-cell was assigned to the sgRNA with the highest number of CROP-seq transcript counts in a
cell. We assign a given sgRNA to a cell if it has >1.3x more counts than the second sgRNA with most counts in that cell. As shown in
Figure S3F, this strategy agrees well on the assignment of the relevant sgRNA in a cell both using reads from the enrichment-PCR
libraries and scRNA-seq reads.

Gene expression matrices were normalized using Seurat v4 NormalizeData, which performs log transformation of counts scaled by
a factor of 10,000. Standard processing of the data with FindVariableFeatures, ScaleData, RunPCA, FindNeighbors (using 40 dimen-
sions), FindClusters and RunUMAP was performed.
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Perturb(BE)-seq analysis (arrayed experiment)
We detected cells with the lowest levels of CD33 protein expression in each cluster by scaling the CD33 protein counts in each cell by
the average CD33 levels of the cluster they belonged to (given that, for instance, erythroid cells express low baseline levels of CD33).

Perturb(BE)-seq analysis (HBG1/2 screen)

We defined the scaled (HBG1+HBG2) levels for each single-cell using the natural logarithm of 1+x (log1p function) of the sum of HBG 1
and HBG2 counts divided by the total number of unique molecular identifiers sequenced in each single-cell and scaled by a factor of
10,000, which we plotted as cumulative distributions in Figure S4B. We fitted a linear model using the Im package in R in which the
sgRNA identity in single-cells is used as a predictor for the observed number of single-cell scaled counts for HBG1+HBG2 in the
Perturb(BE)-seq screen:

(scaled HBG1 + HBG2 counts) ~ sgRNA

Analysis of sgRNA depletion (GATA1 screen)

We compared the distribution of each sgRNA in the day 9 erythroid differentiation timepoint (total of 13 days in culture) with respect to
transduced, non-electroporated cells to identify variants critical for GATA1 function. We filtered out sgRNAs with low representation
in transduced, non electroporated cells. In Figures 5C and S6B we queried the Genome Aggregation Database (gnomAD v2.1.1) for
reported GATA1 mutations across 125,748 exome and 15,708 whole-genome sequences. We plotted missense and partial loss-of-
function mutations, totalling in 158 variants. Corresponding allele counts were graphed based on variant position.

Evolutionary conservation across the GATAT locus was assessed using conservation scoring by PhyloP100way (http://
hgdownload.cse.ucsc.edu/goldenpath/hg19/phyloP100way/) from the PHAST package (http://compgen.bscb.cornell.edu/phast/).
In short, PhyloP100way contains conservation measures for individual nucleotides based on multiple sequence alignments of 100
vertebrate species. Larger PhyloP values denote highly conserved nucleotides across species.

Analysis of sgRNA lineage enrichment

An erythroid score was defined to quantify enrichment of sgRNAs across blood lineages. In brief, the erythroid score for a particular
sgRNA was defined as the Z-scored ratio of the number of cells in erythroid clusters to the cells in all other clusters (Figure S4D).
sgRNAs were then ranked by erythroid score and annotated with mutation consequence information using Variant Effect Predictor
(useast.ensembl.org/info/docs/tools/vep). Pymol was used to visualize sgRNAs targeting the c-terminal zinc finger region. The crys-
tal structure of murine GATA1 zinc-fingers complexed to DNA (PDB ID: 3VD6) was used as a template, which only differs in one amino
acid with respect to that region of human GATA1.

Pooled single-cell genotyping analysis

Sequenced fastq.gz files were demultiplexed using lllumina’s BCL Convert v4.0.3 CLI and processed using the Tapestri Pipeline V2,
which includes adapter trimming, sequence alignment with BWA, cell barcode correction, cell identification and variant calling with
HaplotypeCaller from GATK v4. Some fastq.gz files were downsampled prior to input into the pipeline to avoid excessive read
coverage, which results in diminishing returns during mutation calling.

To identify the dominant sgRNA in each cell, BWA alignments to the lentiviral sgRNA sequences were obtained, and protospacer
sequences were extracted. Using the read name associated with those alignments, each cell barcode sequence was paired with the
corresponding lentiviral sgRNA sequence, analogously to the strategy performed above in Perturb(BE)-seq data.

The loomR package (https://github.com/mojaveazure/loomR) was used to extract cell barcodes passing filters processed with the
Tapestri Pipeline V2. We then focused on cells that had called variants concordant with the dominant sgRNA present in the cell.

Full-length bulk RNA sequencing analysis

Sequenced fastqg.gz files were demultiplexed using lllumina’s BCL Convert v4.0.3 CLI and quantified using Salmon v1.10.0 to the
hg38 reference transcriptome.’'® Quality control was performed using principal component analysis of the samples, followed by
calculation of the transcript per million counts as well as the ratio of full-length and short GATA1 isoforms.

Transcriptional signature of GATA7T mutants

Differential gene expression using a Wilcoxon Rank Sum test was performed between cells with the lowest functional scores from the
screen and control sgRNAs, to identify a GATAT perturbational gene expression signature that was then used to cluster all sgRNAs.
The input for clustering was the average expression (using scaled counts) for each gene belonging to the aforementioned signature
across single cells sharing the same sgRNA. Clustering was performed using Euclidean distance, and plotted using the pheatmap
package in R.

RNA velocity and vector field reconstruction

Spliced and unspliced counts were obtained from demultiplexed fastqg.gz files using kb-python (https://github.com/pachterlab/
kb_python). Velocity analysis was then performed using Dynamo.”® To improve downstream analyses, we appended genes
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previously used in Dynamo for hematopoiesis datasets and differentially expressed genes between GATA1 perturbations and con-
trols. These genes were then combined with highly variable genes identified by Dynamo to perform PCA (Principal Component Anal-
ysis), followed by UMAP (Uniform Manifold Approximation and Projection for Dimension Reduction), using default settings. To ac-
count for the Multiple Rate Kinetics genes and correct RNA velocity flow, we used the dynamo.tl.gene_wise_confidence function
to filter genes whose expression kinetics did not follow clockwise dynamics on the spliced-unspliced RNA phase plane for the
HSPC to Erythroid progenitor transition, as well as the Erythroid progenitor to Erythroid transition. To visualize RNA velocity flow,
we projected the corrected RNA velocity to UMAP space and used dyn.pl.streamline_plot to generate the streamline plot. The
gaussian kernel density estimates were plotted using Scanpy on filtered UMAPs with the strongest GATA1 perturbations and
non-targeting control sgRNAs.""°
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Figure S1. Base editor protein purification and editing, and lentiviral library production and transduction, related to Figure 1

(A) Left, representative polyacrylamide gel electrophoresis of purified adenine base editor (ABE8e-Cas9NG). Right, quantification of the UV280 and UV260 ratios
for ABE8e-Cas9NG.

(B) Left, percentage of edited alleles as a function of ABE8e-Cas9NG concentration precomplexed with fixed concentration of an sgRNA targeting site 3
(chromosome 19) and a non-targeting sgRNA, or not electroporated. n = 3 independent electroporations. Right, percent of viable cells for each condition.

(C) Percentage of edited alleles using lentivirally transduced sgRNAs on site 5 (chromosome 4), as a function of ABE protein dosage in primary HSPCs.

(D) Percentage of edited alleles of lentivirally transduced sgRNAs with and without ABE8e protein (at a dosage of 20 pg) precomplexing with non-targeting
sgRNAs prior to electroporation. The percentage of edited alleles with Cas9 targeting site 6 (chromosome 19) as a function of pre-complexing is shown for
comparison. n = 2-3 independent electroporations.

(legend continued on next page)
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(E) Percentage of GFP+ infected hematopoietic stem and progenitor cells as a function of lentivirus concentration. The curve shows a Michaelis Menten model
fitted to the data. n = 3 independently produced viruses and infections.

(F) Top, schematic of the Golden Gate assembly strategy employed for rapid and high diversity sgRNA library assembly. Bottom, schematic of the strategy to
obtain high-titer lentivirus. Some schematics were created with BioRender.

(G) Distribution of sgRNA logx(sequencing reads per sgRNA/total sgRNA reads x 10° + 1) from a 524-guide pooled library. Poly(T) and poly(A) homopolymer-
containing sgRNAs are highlighted. The dashed line denotes —1 standard deviation.
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Figure S2. Identification and characterization of a CD33 splice site single-base edit that results in CD33 ablation, related to Figure 2

(A) CD34, CD33, CD90, and CD45RA FACS plots of hematopoietic stem and progenitor cells (HSPCs) on day 3 post-thawing.

(B) Z scored log,(FC) in single-guide RNA (sgRNA) reads between HSPCs with the bottom 10% CD33 levels and the unsorted population, shown for two in-
dependent donor and plasmid libraries. Non-targeting sgRNAs are highlighted in blue and outlier splice-site-targeting sgRNA are shown in red.

(C) Editing efficiency of each of the conditions shown in Figure 2C.

(D) Validation of the two top hits of the screen by quantitative real-time PCR of CD33 mRNA. Error bars represent the standard deviation for 2-3 independent
electroporations, with 3 technical replicates each.

(E) Top, percentage of each of the alleles detected in HSPCs edited with ABE8e and the CD33 splice donor 1 sgRNA. Bottom, percentage of each of the alleles
detected in HSPCs edited with Cas9 and an exon 3 sgRNA.

(F) Top, combined UMAP of the single-cell RNA sequencing profiles of human cell types recovered from the bone marrow of four mice 16 weeks post-trans-
plantation. Two mice were transplanted with cells electroporated with ABE8e and non-targeting sgRNA, and two mice were transplanted with ABE8e and splice
donor 1 sgRNA. Bottom, separate UMAPs for each mouse. The color scale denotes the levels of CD33 protein of each single cell, measured with barcoded
antibodies.

(G) Representative flow-cytometry density plots of the gating strategy used to analyze CD33 and CD34 levels in the transplant of ABE-edited human HSPCs into
NBSGW mice. For the last gate, representative plots from cells electroporated with ABE8e and non-targeting sgRNA or ABE8e and splice donor 1 sgRNA
are shown.

(H) Representative flow-cytometry density plots of the gating strategy used to analyze CD235a (GYPA), CD123, CD11b, CD19, and CD3 levels in the transplant of
ABE-edited human HSPCs into NBSGW mice.
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Figure S3. Characterization of single-cell gene screens in primary human hematopoiesis, related to Figure 3

(A) Bioanalyzer trace of an enrichment PCR library performed on scRNA-seq cDNA from cells transduced with the modified CROP-seq vector.

(B) Bioanalyzer trace of a direct sgRNA capture library from HSPCs transduced with a vector containing capture sequence 2 in the 3’ end of the sgRNA, lacking a
single defined peak.

(C) Scatterplot of the counts of the top sgRNA (measured using CROP-seq transcript counts detected directly on scRNA-seq reads, STAR Methods) in each cell
relative to the counts of all sgRNAs detected in that cell. The dashed line denotes the separation between cells with a dominant perturbation detected (left) and
cells with non-dominant perturbations (which might be caused by doublets).

(D) Percentage of cells with a detected CROP-seq transcript and with a discernable dominant sgRNA in the scRNA-seq library sequenced at an average of 20,000
reads per cell and in the enrichment PCR library, respectively.

(E) Scatter plot of the total sgRNA counts per cell directly detected in scRNA-seq reads of CROP-seq transcripts and those detected using enrichment PCR. The
dashed line has a slope of 1.

(legend continued on next page)
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(F) Area-proportional Venn diagram of the perturbation assignment in cells with at least 1 CROP-seq transcript count directly detected in scRNA-seq reads and in
enrichment PCR. Perturbation identity was determined as the perturbation with the highest number of CROP-seq counts in a cell.

(G) Distribution of VEX-GFP fluorescence levels (the positive selection marker expressed in our modified CROP-seq vector) across HSPCs and derived multi-
lineages following initial infection at low MOI and prior to Perturb(BE)-seq. Both groups were downsampled to the same number of cells for comparison.

(H) UMAP plots displaying representative markers of each of the lineages, as well as CD33 RNA expression.

(I) Violin plots displaying the absolute CD33 antibody counts by cluster.

(J) Cumulative distribution of single-cell CD33 protein counts (scaled by cluster average) across cells transduced with CD33 splice donor 1 sgRNA vector and
electroporated with ABE and cells transduced with a non-targeting (NT) sgRNA vector and electroporated with ABE. Each individual distribution represents one of
the 8 clusters in Figure 3B.
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Figure S4. Identification of nucleotides modulating fetal hemoglobin levels in primary hematopoiesis and validation of sites, related to
Figure 4

(A) Dot plot of maturing human hematopoietic stem/progenitor cell (HSPC)-derived erythroblasts (CD71+CD235a+) on day 13 of differentiation. HSPCs were
transduced with the HBG1/2 library and electroporated.

(B) Cumulative distribution of the log1p(HBG1 + HBG2 single-cell scaled counts) for each sgRNA in the screen. The red lines highlight significant sgRNAs in the
linear model shown in Figure 4B and discussed in STAR Methods.

(C) Normalized read counts for each of the 30 amplicons used to genotype single HSPCs transduced with lentiviral libraries and base-edited. The dashed line
represents 20% of the mean reads per amplicon and per cell.

(D) Z scored log,(FC) for each sgRNA between HbF"9" and HbF'®" erythroblasts from the functional screen.

(E) Percentage of single cells with edits at each position of the protospacer for mutated cells from each sgRNA from the pooled single-cell genotyping experiment,
for sgRNAs with sufficient coverage.

(F) Quantitative real-time PCR measurements of HBG1/2 and HBB transcripts (normalized by the levels of HBA2 transcripts) in HSPCs treated with ABE pre-
complexed with an sgRNA targeting the —175T>C mutation and HSPCs with ABE precomplexed with a non-targeting sgRNA, which were subsequently
differentiated into the erythroid lineage (day 15). Error bars represent the standard deviation and dots represent 3 independent electroporations.

(G) Editing efficiencies at the 5 predicted off-target locations with 1 and 2 mismatches in the protospacer from the sgRNA targeting —175T>C using CRISPR-
OFFinder.'?°

(H) Erythroid cells differentiated from HSPCs treated with ABE precomplexed with an sgRNA targeting the —175T>C mutation and HSPCs with ABE pre-
complexed with a non-targeting sgRNA (day 20). Left, percentage of mature terminal erythroid CD71— CD235a+, late erythroid precursors CD71+ CD235a+ and
non-erythroid CD71— CD235a— cells for each condition, from 7AAD— singlets. Right, percentage of enucleated cells (7AAD/Hoechst negative) from the GYPAM"
population. Data from 3 independent electroporations. Two-tailed unpaired t test.

(I) Representative microscopy images from erythroid cells differentiated (day 18) from HSPCs treated with ABE precomplexed with an sgRNA targeting the
—175T>C mutation and HSPCs with ABE precomplexed with a non-targeting sgRNA. May-Grinwald-Giemsa stain.

(J) Quantitative real-time PCR measurements of HBG1/2 and HBB transcripts (normalized by the levels of HBA2 transcripts) in HSPCs treated with ABE pre-
complexed with an sgRNA targeting the —37 region and HSPCs with ABE precomplexed with a non-targeting sgRNA, which were subsequently differentiated into
the erythroid lineage (day 15). Error bars represent the standard deviation and dots represent 2 independent electroporations.

(K) Erythroid cells differentiated from HSPCs treated with ABE precomplexed with an sgRNA targeting the —37 site and HSPCs with ABE precomplexed with a
non-targeting sgRNA (day 20). Left, percentage of mature terminal erythroid CD71— CD235a+, late erythroid precursors CD71+ CD235a+ and non-erythroid
CD71— CD235a-— cells for each condition, from 7AAD— singlets. Right, percentage of enucleated cells (7AAD/Hoechst negative) from the GYPA"" population.
Two-tailed unpaired t test.

(L) Representative microscopy images from erythroid cells differentiated (day 18) from HSPCs treated with ABE precomplexed with an sgRNA targeting the —37
site and HSPCs with ABE precomplexed with a non-targeting sgRNA. May-Griinwald-Giemsa stain.



Cell ¢ CelPress

OPEN ACCESS

A

GATA1 gene

GATATFL  GATAls

GATATmRNA [ 2] 3 T4Js5] 6 |

GATA1 FL
protein

B8 EE
(I < 2

GATAT1s protein

Neutrophil score Megakaryocyte score
4] L284P, Y285H, Y286H & 6
. 4
2 4 .« * 'Y285C, Y286C, K287E 2856, Y2860
.~ . % o 24 .
28 o . 2 | L2ogP NN HSPC / Progenitor score
=] o .,':.?( . \g
o3 e 'y oq o > 6
8E 01 . &'\s e -
L5 Lo .. ® S s, vas50 L2a4p, vaasH, vaseH Y285C, Y2860, K287E
oSS 2, 0 L ) ' -2 a \
[Tl . B} N (] N\
Q5o B .3 SGRNA rank SgRNA rank vomso vasec F
o 3
Te O X . . 2 [EXT 2NN
SE5% 2 .o S Erythroid progenitor score Basophil score e v v
|
% o 8_ . -2 4 ’ L284P, Y285H, Y286H o
Cgo N -
S E . ! @ Highlighted sgRNAs ¢ oo 2]
(A} —4 1 4 from Figure 5D 5 | Yass0, vosso, KasTE \ ) Y285C, Y286C, K267E SgRNA rank
o} — -4 ] i -codii AN “|L2sap, vassH, vasen
g ¢ » Highlighted sgRNAs Silent or non-coding \, vasso, vasoc .\
@ g f Fi 5C mutation control sgRNAs . [\ s/
N 2 . rom Figure @ Non-targeting sgRNA B -
—~ -6 T T T T 2.
6 -4 -2 0 2 = -
Replicate 1 sgRNA rank SgRNA rank SgRNA rank

(Z-score day 9 differentiation vs.
non-electroporated distribution)

Figure S5. Systematic mutagenesis of the master hematopoietic transcription factor GATA1 with Perturb(BE)-seq and pooled single-cell
screen genotyping, related to Figure 5
(A) Schematic of the GATAT gene, the GATAT transcript, and the full length (GATA1 FL) and short (GATA1s) isoforms it gives rise to using its two start codons.”®
TAD, transactivation domain; ZF, zinc finger.
(B) UMAP plots displaying representative markers of each of the lineages.
(C) Z score of the log,(FC) of sgRNAs between the day 9 differentiation time point and the transduced, non-electroporated HSPC control cells using bulk amplicon
sequencing. Data are shown for two biological replicates.
(D) Same as Figure 5D (Z scored ratio between the number of cells in erythroid lineages and the number in non-erythroid lineages for each sgRNA —erythroid
score-), but with non-targeting control sgRNAs and sgRNAs targeting silent or non-coding control mutations also highlighted. Screen hits in close proximity on

the GATA1 C-terminal zinc finger from Figure 5D are also shown.

(E) Lineage-specific enrichment scores, calculated analogously to the erythroid score (Figures 5 and S5D). Hits clustering on the C-terminal zinc finger (presented
in Figure 5D) are highlighted, underscoring their specificity to the erythroid lineage.
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Figure S6. Defining the pathogenicity of a GATA1 variant of unknown significance through base-editing screens, related to Figure 6

(A) Representative bone marrow aspirates of the patient with the GATA7 ¢.220+2T>C variant of unknown significance. Top left, erythroid hypoplasia with
dysplastic megakaryocytic lineage showcasing hypolobated forms. Top right, subset of erythroid cells with irregular nuclear borders and cytoplasmic/nuclear
asynchrony. Bottom left, immunohistochemistry staining of CD42b, a megakaryocyte marker, which also highlights hypolobated morphology. Bottom right, the
arrow points to a binucleated erythroid cell, albeit present at very low frequency in smears.

(B) Same as Figure 5C (Z scored log,(FC) of sgRNA in cells sampled on day 9 of erythroid differentiation with respect to transduced cells prior to electroporation in
the GATAT1 screen using bulk amplicon sequencing), but with the two sgRNAs targeting ¢.220+2T>C highlighted. Control sgRNAs that were included to target
silent mutations or non-coding regions and non-targeting controls are also shown. PhyloP evolutionary conservation scores and gnomAD allele counts at each
position are highlighted for reference (STAR Methods).

(C) Representative microscopy images from cells differentiated from HSPCs treated with ABE precomplexed with sgRNA 1 targeting the ¢.220+2T>C mutation
and HSPCs with ABE precomplexed with a non-targeting sgRNA. A reduction in the presence of erythroblasts with a dominance of myeloid cells and precursors is
observed. Day 10 post-electroporation. May-Griinwald-Giemsa stain.

(legend continued on next page)



Cell ¢ CelPress

OPEN ACCESS

(D) Schematic of the pathogenic mechanism of the 220+2T>C GATAT mutation. The 220+2T>C mutation results in preferential splicing of GATAT to the short
(GATA1s), rather than full-length (GATA1 FL) isoform, thereby perturbing erythropoiesis and causing hypoplastic anemia. TAD, transactivation domain; ZF,
zinc finger.
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Figure S7. Using cytosine base editors to characterize a variant of unknown significance and to expand the number of targetable variants in
screens, related to Figure 7

(A) Representative bone marrow aspirates of a male patient with a GATA1 VUS (c.218C>T) in the vicinity of the second exon-intron junction. Bone marrow biopsy
revealed hypercellularity with atypical megakaryocytic hyperplasia, erythroid hypoplasia, and some dyserythropoietic features.

(B) Left, representative polyacrylamide gel electrophoresis of purified cytosine base editor (evoFERNY-Cas9NG). ABE8e-Cas9NG is shown for comparison.
Right, quantification of the UV280 and UV260 ratios for evoFERNY-Cas9NG.

(C) Percentage of edited alleles using evoFERNY-Cas9NG precomplexed with two different sgRNAs targeting site 7 (chromosome 10). evoFERNY-Cas9NG
precomplexed with a non-targeting sgRNA is shown as control.
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