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Constrained chromatin accessibility in PU.1-mutated
agammaglobulinemia patients

Carole Le Coz1, David N. Nguyen2,3,4,5,6, Chun Su7,8, Brian E. Nolan9,10, Amanda V. Albrecht11, Suela Xhani11, Di Sun1,
Benjamin Demaree12,13, Piyush Pillarisetti1, Caroline Khanna1, Francis Wright2,3, Peixin Amy Chen3,4,5,6, Samuel Yoon1, Amy L. Stiegler14,
Kelly Maurer1, James P. Garifallou15, Amy Rymaszewski16, Steven H. Kroft17, Timothy S. Olson18,19, Alix E. Seif18,19, Gerald Wertheim20,21,
Struan F.A. Grant7,19,22,23, Linda T. Vo4,5, Jennifer M. Puck24,25,26, Kathleen E. Sullivan1,19,27, John M. Routes16, Viktoria Zakharova28,
Anna Shcherbina29, Anna Mukhina29, Natasha L. Rudy30, Anna C.E. Hurst30,31, T. Prescott Atkinson31, Titus J. Boggon14,32,
Hakon Hakonarson15,19, Adam R. Abate12,13,33, Joud Hajjar34,35, Sarah K. Nicholas34,35, James R. Lupski36,37,38, James Verbsky16,
Ivan K. Chinn34,35, Michael V. Gonzalez15, Andrew D. Wells8,20,27, Alex Marson2,3,4,5,6,33,39, Gregory M.K. Poon11, and Neil Romberg1,19,27

The pioneer transcription factor (TF) PU.1 controls hematopoietic cell fate by decompacting stem cell heterochromatin
and allowing nonpioneer TFs to enter otherwise inaccessible genomic sites. PU.1 deficiency fatally arrests lymphopoiesis
and myelopoiesis in mice, but human congenital PU.1 disorders have not previously been described. We studied six
unrelated agammaglobulinemic patients, each harboring a heterozygous mutation (four de novo, two unphased) of
SPI1, the gene encoding PU.1. Affected patients lacked circulating B cells and possessed few conventional dendritic cells.
Introducing disease-similar SPI1 mutations into human hematopoietic stem and progenitor cells impaired early in vitro
B cell and myeloid cell differentiation. Patient SPI1 mutations encoded destabilized PU.1 proteins unable to nuclear
localize or bind target DNA. In PU.1-haploinsufficient pro–B cell lines, euchromatin was less accessible to nonpioneer TFs
critical for B cell development, and gene expression patterns associated with the pro– to pre–B cell transition were
undermined. Our findings molecularly describe a novel form of agammaglobulinemia and underscore PU.1’s critical,
dose-dependent role as a hematopoietic euchromatin gatekeeper.
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Introduction
Pioneer transcription factors (TFs) are early and important epige-
netic determinants of cell fate (Mayran and Drouin, 2018). Their
outsized developmental role is well illustrated by the hematopoietic
pioneer PU.1. Unlike nonpioneer TFs, PU.1 is capable of decom-
pacting dense stem cell heterochromatin to create stably accessible
euchromatic regions (Heinz et al., 2010; Pham et al., 2013; Sherwood
et al., 2014). Once in open chromatin, PU.1 can directly control gene
expression by binding genetic regulatory elements and can also
more broadly influence transcription by recruiting nonpioneers,
such as interferon regulatory factors (IRFs), to otherwise inaccessible
genomic regions (Ciau-Uitz et al., 2013; Heinz et al., 2013; Pongubala
and Atchison, 1997; Sherwood et al., 2014). Homozygous PU.1 mu-
tations are embryonically lethal to mice, arresting lymphoid and
myeloid development while erythropoiesis and thrombopoiesis re-
main intact (DeKoter et al., 2007a; Scott et al., 1994). Depending on
the mouse model, subtle decreases in PU.1 dose either discourage
B cell development or favor it over myelopoiesis (Houston et al.,
2007; DeKoter et al., 2007a, 2007b; DeKoter and Singh, 2000). Ad-
ditionally, PU.1 low-expressingmice develop acutemyeloid leukemia
(AML; Rosenbauer et al., 2004; Will et al., 2015), a potential parallel
to human AML, where PU.1 can be somatically mutated and is often
epigenetically repressed (Mueller et al., 2002; Steidl et al., 2006). No
inborn diseases of PU.1 have been previously described.

Congenital agammaglobulinemia encompasses a group of pri-
mary disorders caused by early-stage B cell developmental arrest.
Most congenital agammaglobulinemia cases are caused by X-linked
BTK deficiency, but rarer autosomal recessive (IGHM, CD79A,
CD79B, IGLL1, BLINK, and PIK3R1) and autosomal dominant (TCF3)
forms of disease have also beendescribed (Bruton, 1952; Conley et al.,
2009). We identified six unrelated agammaglobulinemic patients
with heterozygous mutations of SPI1, the autosomal gene encoding
PU.1. PU.1-mutated agammaglobulinemia (PU.MA) patients demon-
strated early B cell developmental arrest and deficiencies of PU.1hi

conventional dendritic cells (cDCs). Herein, wemolecularly describe
whymutated PU.1 proteins fail to properly interact with target DNA,
demonstrate how these defects alter chromatin accessibility, and
determine which hematopoietic lineages are affected.

Results
Description of patients
We performed whole-exome sequencing on a multi-institution
cohort of 30 undiagnosed agammaglobulinemia patients. From
these, we identified six unrelated patients (ages 15 mo to 37 yr;
Fig. 1 A and Table 1) with novel, germline, heterozygous muta-
tions in SPI1, the gene encoding PU.1 (Fig. 1 B). At study enroll-
ment, all patients lacked circulating B cells (Fig. 1 C and Table 2).
For five patients, B cell loss appeared congenital, as serum Igs
were undetectable at diagnosis. The age of disease onset was less
clear for patient C.II.1, who was first clinically assessed in his
23rd year. At that time point, he lacked circulating B cells but
possessed detectable serum IgG (333 mg/dl) and a protective
tetanus titer. Over the subsequent decade, he developed frank
agammaglobulinemia and progressive lymphopenia.

All PU.MA patients experienced sinopulmonary infections
with encapsulated bacteria before initiation of Ig replacement

therapy (Table 1). Patient B.II.2 was additionally diagnosed with
meningococcal and enterococcal meningitis at age 9 mo. Sys-
temic enteroviral infections were documented in two patients.
Patient A.II.2 cleared prolonged echovirus-25 viremia, which
was associated with transient neutropenia and reactive arthritis,
after a course of oral pocapavir. He subsequently underwent
hematopoietic stem cell transplantation from a matched sibling
donor (A.II.1) but remained dependent on antibody replacement
therapy after the procedure. Patient D.II.1 was the only patient to
receive live-attenuated oral polio vaccine, and afterward he
developed acute flaccid paralysis. Polio virions were isolated
from his cerebral spinal fluid. Two patients (B.II.2 and F.II.1)
received live Bacille Calmette-Guérin (BCG) vaccines, and nei-
ther experienced infectious complications. Noninfectious diag-
noses reported by patients included idiopathic myositis (E.I.1),
idiopathic neonatal lipodystrophy (B.II.2), and childhood-onset
insulin-dependent diabetes (B.II.2). At the time of manuscript
submission, all patients were alive, and none had experienced a
malignant disease.

Each PU.MA patient harbored a different, novel SPI1 muta-
tion (Fig. 1 B). We predicted that four mutations (G109Sfs*78,
Q111X, Y122X, and L233Afs*53; three de novo and one unphased)
would be highly damaging to PU.1 and would convey a loss of
function. Of these, one mutation (G109Sfs*78) frameshifted and
two inserted premature termination codons into the central PU.1
PEST domain (Q111X, Y122X; Fig. 1 B). The fourth mutation
(L233Afs*53) was predicted to generate a slightly longer protein
thanWT PU.1 by replacing the DNA-binding ETS domainwith 53
nonsense amino acids. The two remaining SPI1 mutations were
missense variants (H212P and V242G, de novo and unphased)
that substituted key ETS residues invariant among orthologues
(Chang et al., 2018). Although common in our multi-institution
agammaglobulinemia cohort, protein-altering SPI1 variants were
rare in large, publicly available human genetic databases. For
instance, no loss-of-function SPI1 variants were listed in the
141,456 exomes/genomes comprising the Genome Aggregation
Database v2.1.1 (gnomAD; predicted loss intolerance score =
0.98; Lek et al., 2016). Further, SPI1’s nonsynonymous mutation
load among the general population was similar to that of auto-
somal dominant disease–causing genes listed in Online Mende-
lian Inheritance inMan (Gene Damage Index Phred-Scaled Score =
1.335; Itan et al., 2015). The additional slim odds of four de novo
mutations being chance identified in a SPI1-sized gene (1.1e20 to 1;
Kessler et al., 2020), the tight segregation of mutations with dis-
ease in patient pedigrees (Fig. 1 A), and the lack of alternative
genetic explanations (Tangye et al., 2020) indicated PU.1 muta-
tions were likely contributors to our patients’ immunodeficient
phenotype.

Circulating B cells and cDCs are scarce in PU.MA patients
To determine the potential effects of mutant PU.1 on circulating
blood cells, we performed in-depth cellular and molecular
analyses of patient blood samples. Using anN-terminal detection
antibody, mean PU.1 protein intensities were far greater in
B cell–depleted healthy donor (HD) peripheral blood mononu-
clear cell (PBMC) lysates than in patient PBMC lysates (0.75
versus 0.05; P < 0.001; Fig. S1 A). To investigate such large
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differences, we surveyed HD leukocyte subsets for PU.1 ex-
pression using flow cytometry and divided leukocytes into three
groups: PU.1lo (T cell, natural killer [NK] cell, and neutrophil),
PU.1int (B cell and plasmacytoid dendritic cell [pDC]), or
PU.1hi–expressing cells (monocyte and cDC; Fig. 1 D; and Fig. S1,
B and C). PU.1lo cells, especially CD8+ T cells, were overrepre-
sented in patient PBMCs compared with HD counterparts (Fig. 1
E), while PU.1int B cell and PU.1hi cDC frequencies were signifi-
cantly diminished (7.5% versus 0.06% and 1.8% versus 0.14% of
PBMCs, respectively; P < 0.001 for both comparisons; Fig. 1 F). In
addition to being less numerous (Fig. S2 A), PU.1, IL-12, and IL-6
expression lagged considerably in patient cDCs compared with
HD counterparts (Fig. 1 D, Fig. S1 D, and Fig. 2 B, top row). De-
spite cDC-specific defects, patients’ unfractionated myeloid cells
secreted IL-12 and IL-6 at frequencies comparable to that of HD
counterparts (Fig. S2 B, bottom row). Other than patient C.II.1,

who was cytopenic at study enrollment, PU.MA patient pDC, NK
cell, platelet, erythrocyte, T helper cell subsets, monocyte sub-
sets, innate lymphoid cell (ILC) subsets, and granulocyte subsets
were not appreciably different from those of HD controls (Fig.
S2, C–G and Table 2).

After adoptive transfer of hematopoietic stem and progenitor
cells (HSPCs) from his unaffected sibling (A.II.1), patient A.II.2’s
PU.1 expression normalized and his B cell/cDC deficiencies re-
solved (Fig. 1, E and F). Serial measurement of peripheral blood
chimerism after transplantation showed rapid engraftment of
donor B cells and myeloid cells by post-transplant day 37
(Fig. 1 G). In contrast, significant mixed chimerism (∼40% re-
cipient) persisted in the T lymphocyte pool past post-transplant
day 800, suggesting that normalized PU.1 expression affords a
competitive advantage to developing B cells and myeloid cells
but not to developing T cells. Thus, PU.MA is a hematopoietic

Figure 1. PU.MA patients are B cell and cDC deficient. (A and B) The distribution of PU.1 mutations across patient pedigrees (A) and along the protein’s functional
domains (B) are illustrated. Tertiary structures comprising the DNA-binding ETS domain are labeled. (C) Peripheral CD19+ B cell concentrations for HD (n = 26) and PU.MA
patients (n = 6) are shown with horizontal lines indicating mean values. (D) Histograms show PU.1 expression of indicated PBMC subsets from a representative HD
(unbroken line) and PU.MA patient C.II.1 (dashed line). (E) Bars indicate average subset frequencies relative to total PBMCs from HDs (n = 12) and patients (n = 6). Patient
A.II.2 subset frequencies before (filled green diamond) and after hematopoietic stem cell transplant (HSCT; unfilled green diamonds) are shown. (F) Flow cytometry plots
show peripheral pDCs and cDCs from a representative HD and patient C.II.1. pDC and cDC frequencies relative to total PBMCs from HD (n = 12) and patients (n = 6) are
displayed. (G) The proportion of donor-specific peripheral myeloid cells, B cells, and T cells circulating in patient A.II.2 are shown at specified time points after hematopoietic
stem cell transplantation (HSCT). ***, P < 0.001; ****, P < 0.0001 (two-sided Mann–Whitney U tests). Mo, monocyte; ND, not done.
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cell-intrinsic disease remarkable for scarcity of PU.1-expressing
cells such as PU.1hi cDCs and particularly PU.1int B cells.

PU.1 loss undermines B cell development
To understand the role of PU.1 loss on human hematopoiesis, we
used cellular indexing of transcriptomes and epitopes by se-
quencing (CITE-seq) to capture the expression of 132 hemato-
poietic cell–surface proteins on mononuclear bone marrow cells
from patient A.II.2 and an age-, gender-matched HD control
(Stoeckius et al., 2017). We dimensionally reduced protein-
associated reads with uniform manifold approximation and
projection (UMAP; Fig. 2 A) and labeled cell clusters based upon
expression of key proteins/transcripts (Fig. S3). In HD marrow,
SPI1 transcripts were concentrated in hematopoietic stem cell,
lymphoid progenitor, myeloid lineage (granulocyte macrophage
progenitor, cDC, monocyte), and B cell clusters (Fig. 2 A, left).
Among HD B cells, pre–B1 cells expressed the most SPI1, a finding
confirmed by measuring intracellular PU.1 with flow cytometry
(Fig. 2 B). As a contrast to the full B cell development arc observed
in HD marrow, A.II.2 marrow contained only pro–B cells, indi-
cating lineage arrest before the pre-B1 PU.1 pulse. In addition to
B cell alteration, A.II.2 marrow contained ∼3.5 times more αβ
T cells than the HD sample did. This increase, which was driven
primarily by an enlarged activated CD8+ T cell pool, may have
been exaggerated by active, systemic echoviremia at the time of
A.II.2 marrow aspiration. Other quantitative differences between
HD and patient marrow cell clusters appeared more minor.

To determine transcriptional changes associated with B
cell developmental arrest in PU.MA patients, we identified
differentially expressed genes (DEGs) between single
CD19+CD20−IgD− pro–B cells from HD (n = 279) and patient
A.II.2 (n = 35; Fig. 2 C). As expected, SPI1 transcripts were re-
duced by approximately half (log2 fold change [FC] = −0.9; P <
0.01) in A.II.2 pro–B cells (Fig. 2 C). This relatively modest
decrease was accompanied by significantly larger drops (log2
FC < −1) in the expression of a myriad of genes involved in B cell

development (IGLL5, BTG1, IGHM), migration (RGS2), activation
(TCL1A, FCRLA), and regulation (CD37; Hystad et al., 2007;
Facchetti et al., 2002; van Spriel et al., 2012). Also differentially
down-regulated in A.II.2 pro–B cells were genes known to cause
other forms of agammaglobulinemia such as BTK, IGHM, and
CD79B (Tangye et al., 2020). Notably, BTK, CD79B, TCL1A, CD37,
and BTG1 are all regulatory targets of PU.1 in human B cells
(ENCODE Project Consortium, 2012). Prominent among up-
regulated patient pro–B cell transcripts was DNTT (log2 FC =
0.922; P < 0.01), the gene encoding terminal deoxynucleotidyl
transferase (TdT). As with other forms of agammaglobuline-
mia, most PU.MA B cell precursors strongly stained TdT posi-
tive, indicating loss of pre–B cell receptor-mediated feedback
(Fig. 2, D and E; Conley et al., 2009; Wasserman et al., 1997).
Similarly, immunohistochemical (IHC) staining of an A.II.2
marrow biopsy yielded easily identifiable CD79a+ pro–B cells
but few CD20+ pre–B cells and zero CD138+ terminally differentiated
plasma cells (Fig. 2 D). Hence, B cell lymphopoiesis arrested between
the pro– and pre–B cell stages for patient A.II.2, the precise time
point when demand increased for PU.1 and PU.1-regulated gene
products such as BTK, CD79B, TCL1A, CD37, and BTG1.

As animal models of PU.1 downmodulation have generated
conflicting results (DeKoter and Singh, 2000; DeKoter et al.,
2007a; Houston et al., 2007), we modeled PU.MA patient he-
matopoiesis in human cord blood HSPCs by editing SPI1
with CRISPR/Cas9. We designed guide RNAs (gRNAs) targeting
sites near PU.MA patient mutations in either exon four, which
encodes the PEST domain, or SPI1 exon five, which encodes the
ETS domain, or as a control at the AAVS1 intronic safe harbor site
(Fig. 3 A). To determine the site-specific efficiencies of each SPI1
edit, we single-cell genotyped HSPCs after electroporation with
CAS9 and gRNAs (Demaree et al., 2021). The majority (76%) of
SPI1 exon four–targeted cells possessed either monoallelic or
biallelic edits, and the frequency of cells with exon five edits was
even higher, exceeding 97% (Fig. S4 A). In a separate set of ex-
periments, we electroporated HSPCs from two cord blood donors

Table 1. Patient demographic, genotypic, and clinical information

Patient A.II.2 B.II.2 C.II.1 D.II.1 E.II.1 F.II.1

Age 15 mo 7 yr 37 yr 32 yr 8 yr 16 yr

Sex Male Male Male Male Male Female

Heterozygous SPI1
variant

g.18716_18718delinsAG g.18722C>T g.19603C>A g.23169A>C g.23230_23231delGC g.23259T>G

c.325_327delGGCinsAG c.331C>T c.366C>A c.635A>C c.696_697delGC c.725T>G

p.G109Sfs*78 p.Q111X p.Y122X p.H212P p.L233Afs*53 p.V242G

Variant CADD
score

— 42 35 26.9 — 28.9

Variant origin De novo De novo De novo De novo Unphased Unphased

Infections Sinopulmonary, echovirus 25
viremia

Sinopulmonary,
meningitis

Sinopulmonary Sinopulmonary,
polioencephalitis

Sinopulmonary Sinopulmonary

Complications Transient neutropenia,
reactive arthritis

Neonatal
lipodystrophy, T1D

Progressive
lymphopenia

Paralytic poliomyelitis Myositis —

Therapies IgG replacement, pocapavir,
HSCT

IgG replacement IgG replacement IgG replacement IgG replacement IgG
replacement

CADD, combined annotation-dependent depletion; HSCT, hematopoietic stem cell transplant; T1D, type 1 diabetes mellitus.
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Figure 2. Patient A.II.2: B cell development arrests before the pre-B1 stage. (A) Heat maps of log2 SPI1 transcripts are overlaid upon pediatric HD and
patient A.II.2 mononuclear marrow cells. The cells were clustered based on expression of 132 cell-surface proteins using UMAP dimensional reduction. Single-
cell protein expression was simultaneously captured with transcript expression using CITE-seq. Labels for cell clusters were anchored on key identifying
proteins and transcripts (Fig. S3). (B)Histograms show intracellular PU.1 expression in B cell precursors from a representative HDmeasured via flow cytometry
with PU.1 mean fluorescence intensities (MFIs) of six pediatric HDs and patient A.II.2 B cell precursors. A red line marks the PU.1 expression trend through HD
B cell development. (C) Differential expression of indicated transcripts between HD and patient A.II.2. CD19+CD20−IgD− pro–B cells are depicted with violin
plots. Red bars indicate mean expression values. (D) Bone marrow biopsies from patient A.II.2 and an unrelated, age- and sex-matched control are displayed
with IHC staining of TdT (pro–B cell marker), CD79a (pan–B cell marker), CD20 (expressed from pre-B to plasmablast stages), and CD138 (plasma cell marker).
Scale bars indicate 200 µm. (E) Flow cytometry plots show TdT expressing B cell precursors in marrow aspirates from an age-, sex-matched HD and patient
A.II.2. TdT expression frequencies are reported as a percentage of total CD19+ marrow cells. **, P < 0.01; ****, P < 0.0001 (two-sided Mann–Whitney U tests).
γδT, γδ T cell; CLP, common lymphoid progenitor; CTL, Cytotoxic T lymphocyte; GMP, granulocyte-monocyte progenitor; HSC, hematopoietic stem cell; Mo,
monocyte; na, not applicable; NKT, natural killer T cell; PC, plasma cell; Tregs, regulatory T cells; y.o., years old.
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withCAS9 and gRNAs before in vitro differentiating them into T cell,
B cell, and myeloid precursors (Fig. 3 B). Consistent with single-cell
genotyping results, most edited HSPCs contained either frame-
shifting or in-frame (SPI1) or intronic (AAVS1) mutations before
differentiation (Fig. 3 C; and Fig. S4, B and C). After differen-
tiation, approximately half of SPI1 alleles in T cell precursors
(CD3+CD4+CD8+) retained exon five-frameshifting indels. In con-
trast, almost no myeloid (CD33+) or B cell precursors (CD19intIgM−,
CD19hiIgM−, or CD19hiIgM+) possessed SPI1 exon five mutations of
any kind despite very high initial editing efficiency at that genomic
site. Similarly, in-frame exon four edits that preserved the ETSwere
tolerated in B cell precursors, whereas ETS-altering frameshift edits
of exon four were not. Thus, biallelic PU.1 ETS expression is im-
portant for human B and myeloid cell development in vitro and
in vivo, whereas developing T cells appear more tolerant of partial
PU.1 ETS loss.

Patient SPI1 mutations impair PU.1 expression, nuclear
localization, and DNA binding
We predicted that SPI1 mutations identified in patients A.II.2,
B.II.2, and C.II.1 (G109Sfs*78, Q111X, and Y122X) would generate

truncated proteins (28 kD and 26 kD, respectively) lacking full
PEST and ETS domains (Fig. 1 B), but we were unable to detect
these products in patient PBMC lysates (Fig. S1 A) or overexpress
them inHEK293 cells (Fig. 4 A). In cDNA,mutant SPI1 transcripts
were significantly underrepresented for patient A.II.2 but not
patient B.II.2 or C.II.1 (Fig. S1 E), suggesting susceptibility of the
G109Sfs*78 encoding mRNA to decay and the Q111X or Y122X
proteins to post-transcriptional degradation.

Proteins encoded by patient D.II.1’s, E.II.1’s, and F.II.1’s mu-
tant SPI1 alleles (H212P, L233Afs*53, and V242G) could be
overexpressed in HEK293 cells, albeit at lower concentrations
than WT PU.1 (Fig. 4 A). To determine if mutated PU.1 could
promote transcription, we used a HEK293 PU.1-reporter line
containing an enhanced GFP (EGFP) gene under the transcrip-
tional control of a PU.1-dependent, λB-based promoter/enhancer
nucleotide sequence (Fig. S5 A; Munde et al., 2014). Compared
with reporter cells expressing unmutated PU.1 or PU.1 altered
to contain one of three common, nonsynonymous gnomAD
variants (Lek et al., 2016), reporter cells expressing H212P,
L233Afs*53, and V242G mutated PU.1 proteins emitted EGFP
light less frequently (25.4–29.4% versus 5.4–10%; P < 0.0001; Fig.

Figure 3. PU.1 ETS domain loss alters human
myelopoiesis and B cell lymphopoiesis. (A) gRNA
sequences and genomic target sites within SPI1
exons four and five are illustrated at positions rela-
tive to patient PU.1 mutations. (B) Strategies to
in vitro differentiate CRISPR/Cas9–edited human
hematopoietic stem cells and to sort T cell, B cell,
and myeloid precursors are depicted. (C) Frequen-
cies of in-frame and frame-shifting edits introduced
into SPI1 exons four and five or intronic edits intro-
duced into a separate AAVS1 safe harbor site are
shown for hematopoietic stem cells before differ-
entiation and for cells surviving differentiation. Data
represent one of two independent cord blood donor
experiments with one of two SPI1 gRNA sets.
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S5, B and C). To determine if mutant PU.1 transcriptionally in-
terferedwith unmutated PU.1, we transfected reporter cells with
50:50 mixtures of unmutated and mutated SPI1. In successfully
cotransfected cells, the ability of unmutated PU.1 to drive EGFP
expression was not influenced by PU.MA patient PU.1 proteins
(Fig. 4 B). In contrast, coexpression of an ETS protein fragment
significantly reduced unmutated PU.1’s ability to drive EGFP
expression by presumably competing for λB binding sites (Fig.
S5 D; Albrecht et al., 2018). Hence, PU.MA-associated SPI1 mu-
tations encode functionally damaged proteins that do not in-
terfere with unmutated PU.1 but may instead convey deleterious
effects via haploinsufficiency.

The PU.1 PEST domain mediates interactions with tran-
scriptional partners (Pongubala and Atchison, 1997); the ETS
domain governs nuclear localization and DNA binding (Klemsz
et al., 1990; Zhong et al., 2005; Kwok et al., 2007). To determine
why H212P, L233Afs*53, and V242Gmutated PU.1 proteins failed
to drive transcription in reporter cells, we assessed if they could
successfully interact with transactivation partners. Consistent

with intact PEST domains, all three proteins coimmunopreci-
pitated with IRF4 and IRF8 (Fig. S5 E). The PU.1 nuclear locali-
zation signal (NLS) lies in the ETS domain and consists of a
series of positively charged lysine and arginine residues (Kwok
et al., 2007; Zhong et al., 2005). While preserved in H212P and
V242G PU.1 mutant proteins, the NLS is obliterated by the
L233Afs*53 frameshift. To determine if mutant PU.1 proteins
could localize to HEK293 nuclei, we stained them with an
N-terminal antibody and determined their cellular distributions
using fluorescent microscopy and fractionated immunoblots. As
anticipated, H212P and V242G PU.1 proteins were primarily
nuclear concentrated, whereas L233Afs*53 mutant was more
cytoplasmically relegated (Fig. 4 C and Fig. S5 F).

The PU.1 ETS crystal structure is a winged helix-turn-helix
motif containing three α-helices and a four-stranded β-sheet
(Fig. 1 B; Kodandapani et al., 1996). In the structure, α3, the
“wing” between β3 and β4 and the loop between α2 and α3 di-
rectly contact DNA. Although all three points of contact are
disturbed/destroyed in L233Afs*53 PU.1, each is retained in

Figure 4. ETS-mutated PU.1 mutants encode destabilized proteins that cannot bind target DNA. (A) HEK293-overexpressed PU.1 proteins are detected
by an N-terminal anti-PU.1 antibody. (B) Top: A diagram depicts the cotransfection strategy used to determine if PU.1 mutants affect the ability of WT PU.1 to
drive EGFP expression by binding an upstream λB promoter. Bottom: iRFP (orange) and/or mCherry (purple) expression signifies cells successfully transfected
with SPI1. Dashed horizontal lines indicate the fraction of cells expressing EGFP after transfection with full (100 ng) or half doses (50 ng) of unmutated SPI1
plasmids in four independent experiments. The frequency of EGFP+ cells coexpressing WT and mutant PU.1 proteins is displayed. (C) HEK293-overexpressed
PU.1 proteins are detected in cytoplasmic (C) or nuclear (N) lysates, normalized to GAPDH or lamin AC, respectively, and ratioed. Data are from one of two
representative experiments. (D) PU.1 DNA probe shifting (arrow) of WT PU.1-expressing HEK293 cell lysates from one of two independent experiments is
shown. (E) Dissociation constants (Kds) of 1:1 of PU.1 ETS/DNA complexes was determined by three independent experiments. (F) The DNA-boundmurine PU.1
ETS crystal structure is depicted with the human H212 and V242 residue positions indicated (red spheres). KD, dissociation constant. (G) Melting curves
represent normalized unfolded fractions of unmutated and mutated PU.1 ETS segments from three independent experiments. Average melting temperatures
(TM) are listed, and a dashed red line marks physiological temperature.
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H212P and V242G mutants. Despite this, both H212P and V242G
proteins failed to bind PU.1 motif–containing DNA probes in
electrophoretic mobility shift assays (Fig. 4 D). To more pre-
cisely quantify altered DNA binding, we calculated DNA disso-
ciation constants (Kd) of mutated and unmutated PU.1 ETS
segments that comprised amino acids 165–270 (ΔN165). Kd val-
ues for H212P and V242G ΔN165 segments were 100-fold and 10-
fold higher, respectively, than unmutated ones (Fig. 4 E). We
speculate that mutation of His-212 to Pro might break the
α2 helix and perturb the neighboring α2-α3 loop and that mu-
tation of Val-242 to Gly might weaken the β3 hydrophobic core
and the α3 helix stacking against it (Fig. 4 F). To determine if
H212P and V242G variants destabilize ETS tertiary structure, we
generated melting curves of mutated and unmutated PU.1 ΔN165
segments. Even above 37°C, unmutated segments were stable,
whereas H212P and V242G mutated segments became com-
pletely unfolded below physiological temperatures (Fig. 4 G).
Structural instability may explain why full-length H212P and
V242G proteins fail to bind cognate DNA and why these proteins
are quantitatively diminished in transfected HEK293 cells rela-
tive to unmutated PU.1 (Fig. 4 A). Hence, SPI1 mutations that
decay mRNA transcripts, destabilize PU.1 proteins, interfere
with PU.1 nuclear localization, and/or alter PU.1 ETS domain–
DNA binding cause PU.MA.

PU.1 loss decreases chromatin accessibility and undermines
pro–B cell gene expression patterns
To better understand the epigenetic effects of PU.1 hap-
loinsufficiency on pro–B cells, we employed assay for
transposase-accessible chromatin using sequencing (ATAC-seq)
to generate genome-wide chromatin accessibility maps of hu-
man RS4;11 pro–B cell lines either unedited (SPI1+/+) or CRISPR/
Cas9 edited with monoallelic (SPI1+/−) or biallelic (SPI1−/−) SPI1
exon one indels that abolished PU.1 expression. Among lines, we
identified 189,774 open chromatin regions (OCRs), and of these,
15,878 contained one or more PU.1-binding motifs (Kodandapani
et al., 1996). PU.1 OCRs were significantly more accessible in
SPI1+/+ than SPI1+/− or SPI1−/− cell lines (2.9 versus 2.82 or versus
2.56 log2 fragments per kilobase of transcript permillionmapped
reads (FPKM); false discovery rate (FDR) adjusted P < 1.5e−102 and
P = zero; Fig. 5 A). OCRs containing themotifs of nonpioneer TFs,
such as IRF4, IRF8, and TCF3, were also most accessible in SPI1+/+

cell lines. As expected by PU.1’s pioneer status, accessibility
differences were accentuated in IRF4, IRF8, and TCF3 OCRs that
also contained a PU.1-binding motif and were blunted in OCRs
that did not (Fig. 5 A). Among OCRs, we identified 13,171 differ-
entially accessible regions less open (↓DARs) in SPI1+/− cells than
in unedited lines. Epigenetic changes between lines appeared
concentrated at PU.1-binding sites since ↓DARs overlapped with
ENCODE human lymphoblast PU.1 chromatin immunoprecipi-
tation followed by sequencing (ChIP-seq) peaks with signifi-
cantly greater frequently than would be expected by chance
(15.6% versus 9.9%; P = 1.43 e−111). Further, we found the PU.1
binding site in 1,931 ↓DARs, the most significant enrichment of
any TF motif (FDR adjusted P = zero; Fig. 5 B). Motifs of other
TFs, includingmany critical to B cell development (ETS1, RUNX1,
RUNX2, EBF1, SPIB, and GABPA) and/or already implicated in

human primary immunodeficiencies (TCF3, IRF3, IRF4, and IRF8;
Hambleton et al., 2011; Boisson et al., 2013; Andersen et al., 2015;
Bravo Garćıa-Morato et al., 2018; Tangye et al., 2020), were also
significantly overrepresented. Hence, PU.1 haploinsufficiency
specifically limits the access of nonpioneer TFs, including those
relevant to B cell development and/or associated with primary
immunodeficiencies, to pro–B cell open chromatin.

To determine how chromatin accessibility changes associated
with PU.1 loss affected gene expression, we transcriptionally profiled
SPI1+/+ and SPI1+/− RS4;11 lines with RNA sequencing (RNA-seq). The
DEG set between lines was significantly enriched for genes differ-
entially expressed between human pro– and pre–B cells (Hystad
et al., 2007) and also genes differentially expressed between HD
and patient A.II.2 single pro–B cells (P = 0.009 and 0.001; Fig. 5 C).
Leading edge transcripts shared by all three gene sets included key
down-regulated (IGLL5, TCL1A, BTG1, CD37, and CD79B) and up-
regulated (DNTT) transcripts of biological interest. To determine
how changes in chromatin access affected transcription, we assigned
each RS4;11-expressed gene to its nearest OCR. Changes in gene ex-
pression between SPI1+/+ and SPI1+/− lines generally correlated with
OCR accessibility changes (R = 0.3; P = zero; Fig. 5 D). The gene-OCR
pairs that correlated perfectlymost often (Spearman’s correlation = 1)
were ones with OCR peaks within 2,000 upstream bases of a tran-
scription start site (TSS; 25% versus 21%; P = 2e−32; Fig. 5 E). This
region typically contains the gene promoter. Although the promoter
regions of several RS4;11-line DEGs, including TCL1A, CD79B, CD37,
and BTG1, contained either a PU.1-binding motif and/or overlapped
an ENCODE PU.1 ChIP-seq peak, 68% of these gene promoter regions
did not. Hence, the effects of PU.1 loss on human pro–B cell lines
include reduced gene promoter access and cascading transcriptional
changes that undermine the pro–B to pre–B cell transition.

Discussion
Our findings describe a previously unreported, monogenic im-
munodeficiency disease caused by PU.1 haploinsufficiency. The
clearest pathological feature of PU.MA, B cell developmental ar-
rest, clarifies conflicting mouse data generated with different
PU.1 dose-reduction techniques.With retroviral gene transfer, low
PU.1 expression favored B cell, notmyeloid, development (DeKoter
and Singh, 2000; Houston et al., 2007; DeKoter et al., 2007a),
whereas B cell development arrested in mice carrying low-
expressing SPI1 alleles (Heinz et al., 2013). Here, we describe
six patients with heterozygous SPI1 alleles encoding destabilized,
cytoplasmically relegated, and/or transcriptionally inert PU.1
proteins. The patients’ immunophenotype provides compelling
evidence that the human developmental time point most sensitive
to reduced PU.1 dose is the pro– to pre–B cell transition when
there is rising demand for PU.1-dependent chromatin accessibility
and for PU.1-regulated gene products such as BTK, CD79B, TCL1A,
CD37, and BTG1. Although five patients in our cohort presented
with agammaglobulinemia in their first year of life, the serum IgG
and tetanus titer detected in patient C.II.1 as a young adult in-
dicates delayed disease onset is also possible. Why B cell devel-
opment would arrest early in life versus later is currently unclear
but could conceivably be explained by variability in the complex,
cooperative interactions between PU.1 and other TFs.
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Figure 5. PU.1 haploinsufficiency constrains chromatin accessibility for nonpioneer TFs. (A) Accessibility, measured in FPKM, of OCRs containing the
indicated TF motifs or TF motif pairs, is represented for SPI1+/+ (dark green), SPI1+/− (orange), and SPI1−/− (yellow) RS4;11 pro–B cells. Thick black lines show
average OCR accessibility trends across lines. An immunoblot shows PU.1 expression in each line. (B) Binding motifs of TFs and TF families are ranked by
decreasing enrichment in chromatin regions differentially less accessible (↓DARs) in SPI1+/− RS4;11 cells compared with unedited SPI1+/+ cells. (C) Enrichment
plots show published sets of DEGs between human pro–B and pre–B cells (top) or DEGs between HD and PU.MA patient A.II.2 pro–B cells (middle) that overlap
with DEGs between SPI1+/+ and SPI1+/− cells that were ranked by decreasing −log10 FDR (bottom). (D) Top: Log2 FCs of DEGs between SPI1+/+ and SPI1+/− cells
are ranked by decreasing accessibility of their nearest, paired OCR. A dashed zero-line marks OCRs equally accessible in either cell line. Bottom: A smoothed
track indicates FC gene expression differences between SPI1+/+ (orange) and SPI1+/− (green) cells divided by the global-FC average. (E) The proportion of
OCR–gene pairs with perfect correlations between differential accessibility and expression (Spearman’s coefficient = 1) are displayed relative to the bp
distances between each pair’s OCR peak and gene TSS. Gray shading indicates the 95% confidence interval. Data generated from three independent ex-
periments. GSEA P values were calculated using permutation tests.
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The sinopulmonary, invasive bacterial and systemic entero-
viral infections observed in PU.MA patients are similar to the
infectious illnesses experienced by patients with other forms of
congenital agammaglobulinemia. Unlike PU.1 low-expressing mice
(Rosenbauer et al., 2004;Will et al., 2015), no PU.MA patients have
so far developed AML or any other malignancies. We hope this
encouraging trend persists but must acknowledge that PU.1 hap-
loinsufficiency does appear to alter the myeloid lineage, specifi-
cally circulating cDCs. Like PU.MA patients, PU.1-haploinsufficient
mice also selectively lack cDCs due to decreased expression of
FLT3L and DC-SCRIPT (Carotta et al., 2010; Chopin et al., 2019).
Interestingly, IRF8-deficient patients also lack cDCs but normally
generate B cells, whereas agammaglobulinemic patients with
dominant negative TCF3 mutations exhibit the opposite cellular
profile (Hambleton et al., 2011; Boisson et al., 2013). The PU.MA
immunophenotype, which straddles features of both disorders,
illustrates how loss of a pioneer TF may phenotypically mimic
primary deficiencies of nonpioneer TFs that rely upon pioneers for
chromatin access.

Despite numerical and functional cDC deficiencies, the pa-
tients described here did not experience mycobacterial in-
fections despite BCG vaccine exposures. Their apparent ability
to clearmycobacteriamay differentiate PU.MA patients from cDC-
deficient patients with IRF8, SPPL2A, and GATA2 mutations, who
have been described as exquisitely susceptible to mycobacterial
infections (Tangye et al., 2020). As IRF8-deficient patients
also lack monocytes (Hambleton et al., 2011), SPPL2A-deficient
mycobacteria-specific CD4+ T cells fail to secrete IFN-γ (Kong
et al., 2018), and GATA2-deficient patients experience multi-
lineage cytopenias (cDC, pDC, monocyte, NK cells, and B cells;
Bigley et al., 2011; Hsu et al., 2011), it may be that cDCs are dis-
pensable for mycobacterial clearance if non-cDC myeloid and
T cell populations can be preserved. Nonetheless, until safety can
be more conclusively studied, we recommend PU.MA patients do
not receive live immunizations such as BCG and should absolutely
avoid oral polio vaccination.

PU.MA is not the first inborn error of a pioneer/pioneer-like
TF. Although the neuronal (HASH-1; de Pontual et al., 2003),
cardiac (GATA4, GATA6; Garg et al., 2003; Kodo et al., 2009),
pancreatic islet (NEUROD1; Malecki et al., 1999), eye (SOX2;
Kelberman et al., 2006), muscle (PAX7; Feichtinger et al., 2019),
inner ear (ESRRB; Collin et al., 2008), erythroid/megakaryocytic
(GATA1; Nichols et al., 2000), and now immune (PU.1) pathologies
of pioneer TF-associated diseases appear superficially unrelated,
they may share constrained promoter region accessibility as a
common underlying epigenetic disease mechanism. Notably, most
disease-associated pioneer TFs, including PU.1, exhibit tissue-
specific haploinsufficiency. Such exquisite sensitivity to reduced
pioneer TF dose highlights the delicate regulation and critical role
of euchromatin access during organogenesis.

Materials and methods
Human samples
Between 2012 and 2020, 30 agammaglobulinemic patients
without molecular diagnoses and 30 age-matched healthy con-
trols (range, 5–42 yr) were selected from a multi-institution

cohort for genomic analysis. 19 of 30 agammaglobulinemic pa-
tients were male (5 were PU.MA patients). 16 were white non-
Hispanic (4 were PU.MA patients), 8 were white Hispanic (1 was
a PU.MA patient), 3 were African American non-Hispanic (1 was
a PU.MA patient), and 3 were Asian. Patient clinical information
was abstracted from medical records. Blood samples were ob-
tained by standard phlebotomy. Bone marrow aspirates were
collected as surgical waste remaining after clinically indicated
procedures. A malignancy-free, age-matched bone marrow bi-
opsy obtained for cancer relapse monitoring was used as a
control for IHC staining. Blood and bone marrow donors pro-
vided written informed consent in accordance with research
protocols approved by institutional review boards of Children’s
Hospital of Philadelphia, Baylor College of Medicine, Medical
College of Wisconsin, University of Alabama Birmingham, or
Dmitry Rogachev National Medical Research Center.

Three de-identified human cord blood samples were obtained
from StemExpress.

SPI1 variant sequencing
SPI1 variants were identified by whole-exome sequencing data
performed on either a clinical or research basis. For research
samples, whole-exome sequencing was performed by the Hu-
man Genome Sequencing Center (HGSC) at Baylor College of
Medicine through the Baylor-Hopkins Center for Mendelian
Genomics initiative. With 1 µg of genomic DNA, an Illumina
paired-end precapture library was constructed according to the
manufacturer’s protocol with modifications as described in the
Baylor College of Medicine-HGSC Illumina Barcoded Paired-End
Capture Library Preparation protocol. Precapture libraries were
pooled into four-plex library pools and then hybridized in so-
lution to the HGSC-designed Core capture reagent (52 Mb;
NimbleGen), or six-plex library pools used the custom VCRome
2.1 capture reagent (42 Mb; NimbleGen) according to the man-
ufacturer’s protocol (NimbleGen SeqCap EZ Exome Library SR
User’s Guide) with minor revisions. The sequencing run was
performed in paired-end mode using the Illumina HiSeq 2000
platform, with sequencing-by-synthesis reactions extended for
101 cycles from each end and an additional 7 cycles for the index
read. With a sequencing yield of >9 Gb, samples achieved >90%
of the targeted exome bases covered to a depth of 20× or greater.
Illumina sequence analysis was performed using the HGSC
Mercury analysis pipeline, which moves data through various
analysis tools from the initial sequence generation on the in-
strument to annotated variant calls (single-nucleotide poly-
morphisms and intra-read in/dels). Annotated variants were
then prioritized according to the American College of Medical
Genetics and Genomics guidelines. Evolutionary conservation at
mutated sites was determined by Aminode query (Chang et al.,
2018).

All identified SPI1 variants were annotated to cDNA tran-
script GenBank accession no. NM_001080547.2 and PU.1 protein
isoform one (GenBank accession no. NP_003111.2) after Sanger
sequencing confirmation of peripheral blood and/or buccal ge-
nomic DNA. Copy number variation was assessed and excluded
with clinical chromosomal microarrays. When available, SPI1
variant phasing was performed on parental buccal DNA samples.
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PBMC immunophenotyping
Agammaglobulinemic and age-/sex-matched healthy patient
mononuclear cells were isolated from PBMC and bone marrow
aspirates using Ficoll-Paque PLUS density gradient centrifuga-
tion (GE Healthcare Life Sciences). For neutrophil studies, whole
bloodwas incubated at room temperature for 10min in red blood
cell lysing solution (BD Bioscience). Cells were immunophenotyped
using an LSRFortessa flow cytometer (BD Bioscience) with anti-
bodies against CD3 (OKT3), CD4 (OKT4), CD8 (HIT8a), CD11b
(ICRF44), CD11c (3.9), CD14 (HDC14), CD16 (B73.1), CD19 (HIB19),
CD20 (2H7), CD25(BC96), CD34 (561), CD45 (2D1), CD45RO
(UCHL1), CD56 (HCD56), CD117 (104D2), CD127 (A019D5), CD303
(201A), CCR6 (11A9), CRTH2 (BM16), CXCR3 (G025H7), CXCR5
(J252D4), FOXP3 (150D), IL-6 (MQ2-13A5), IL-12 (C11.5), PD1
(EH12.2H7), and PU.1 (7C6B05) all from BioLegend; IgM (G20-127)
and HLA-DR (G46-6) from BD Bioscience; and TdT (TdT6; In-
vitrogen). FOXP3, IL-6, IL12, PU.1, and TdT intracellular staining
was performed after fixation and permeabilization with the Foxp3/
Transcription Factor Staining Buffer Set (eBioscience) in accordance
with the manufacturer’s instructions. Dead cells were excluded
using LIVE/DEAD stain (Invitrogen). To analyze B cell precursors,
we identified pro– (CD34+CD20−), pre–B1 (CD34−CD20−), and pre–
B2 cells (CD34−CD20+) among CD19+IgM− marrow mononuclear
cells. Flow cytometric analyses were visualized with FlowJo soft-
ware (TreeStar).

In vitro identification of IL-6 and IL-12 secreting myeloid cells
To assess IL-6 and IL-12 secretion by myeloid cells, PBMCs were
rested overnight at 37°C and then stimulated for 6 h with either
gardiquimod (10 µg/ml; Invivogen) or LPS (10 ng/ml; Sigma) in
the presence of Brefeldin A (5 µg/ml; BD Bioscience). After ac-
tivation, cells were incubated with a surface antibody cocktail
for 30 min at 4°C, LIVE/DEAD stained, fixed, permeabilized, and
intracellularly stained with anti–IL-6 and anti–IL-12 antibodies
as described above.

CITE-seq
Viable marrow mononuclear cells were resuspended at 20 × 106

cells/ml in CITE-seq staining buffer (BioLegend) and incubated
with Human TruStain FcX Fc Blocking reagent for 10 min at 4°C
to block nonspecific antibody binding. Following Fc blocking,
cells were incubated with a pool of 140 antibodies conjugated to
an antibody-derived tag (ADT), inclusive of eight isotype con-
trols (TotalSeq-C Human Universal Cocktail; BioLegend) for
30 min at 4°C. After incubation, cells were washed three times
with 3.5 ml of staining buffer to remove antibody excess. Cells
were passed through a 40-µm filter to remove any cell clumps
and resuspended in 10% FBS RPMI media at 1 × 106 cells/ml
for 10× Genomics 59 single-cell RNA-seq. Next-generation se-
quencing libraries were prepared using the 10× Genomics
Chromium Single Cell 59 Library and Gel Bead kit v1 with Fea-
ture Barcoding Technology for Cell Surface Protein per manu-
facturer’s “Chromium Single Cell V(D)J Reagent Kits” protocol.
Libraries were uniquely indexed using the Single Index Kit N set
A and sequenced on the Illumina NovaSeq 6000 sequencer (v1.5
chemistry) in a paired-end, single indexing run. Sequencing for
each library targeted either 20,000mean reads per cell for the 59

chemistry gene expression libraries or 5,000 read pairs per cell
for the cell surface/feature barcoding libraries. Data were pro-
cessed using the cellranger count pipeline (10× Genomics, v.3.1)
for demultiplexing, alignment of sequencing reads to the tran-
scriptome (10× Genomics, human GRCh38) or antibody barcodes
for the antibody capture feature barcode libraries, and creation
of feature-barcode matrices. Secondary analysis on the feature
barcode matrices was performed using the Seurat package
(v.4.0) within the R computing environment. Count matrices for
CITE-seq expression were adjusted based on isotype-specific
control expression on a per cell basis. Briefly, raw unique mo-
lecular identifier counts of the isotype control surface marker
were subtracted from the unique molecular identifier count of
each ADT surface-expressed marker within a given cell. These
altered count matrices were then read into the R computing
environment and normalized via the CLR method in Seurat.
Variable features, normalization, data scaling, and principal
components were determined for each assay separately (ADT
and RNA) followed by hierarchical clustering and visualiza-
tion using UMAP. The likely identities of UMAP clustered
cells were determined using the expression of key cell-
type–specific proteins and transcripts (Fig. S3). DEGs between
groups were determined using a Mann-Whitney U test. To
determine transcriptional differences in genes known to be
associated with other forms of congenital agammaglobuline-
mia, P value adjustment was performed using a Bonferroni
correction based on the total number of such genes as deter-
mined by International Union of Immunological Societies
(Tangye et al., 2020).

IHC
Bone marrow biopsies were IHC stained with mouse anti-
human CD79a (1:200 dilution; Dako), CD20 (1:1,000; Dako),
CD138 (1:200; Dako), and TdT (1:50; Leica). IHC images were
captured on a BX53 (Olympus).

HSPC cultures
HSPC growthmediumwas preparedwith X-Vivo15 (Lonza) with
gentamicin and additional 1% human serum albumin (Grifols)
and additional cytokines (Peprotech): stem cell factor (SCF) at
100 ng/ml, thrombopoietin at 100 ng/ml, Flt3 at 100 ng/ml, and
IL-3 at 20 ng/ml. Human primary cord blood CD34+ hemato-
poietic stem cells were grown at an initial concentration of
250,000 cells/ml for 48 h before editing.

Cas9 ribonucleoprotein (RNP) formulation
Cas9 and RNPs were prepared immediately before electropora-
tion. Synthetic CRISPR RNA and trans-activating CRISPR RNA
were synthesized (Dharmacon Horizon), resuspended in duplex
buffer (IDT) at a concentration of 160 µM, and stored at −80°C.
gRNA was formulated mixing CRISPR RNA and trans-activating
CRISPR RNA 1:1 by volume and annealing at 37°C for 30 min.
15–50 kD poly-L-glutamic acid (Sigma) was resuspended in
water to a concentration of 100 mg/ml, then mixed with the
gRNA at a volume ratio of 0.8:1 before complexing. Cas9-NLS
(University of California Berkeley; QB3 Macrolab) at 40 µM was
added to gRNA/poly-L-glutamic acid at 1:1.8 volume ratio for the
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desired molar ratio of gRNA:Cas9-NLS of 2:1 and a final RNP
concentration of 20 µM.

Electroporation
Immediately before electroporation in a Lonza 4D 96-well for-
mat Nucleofector (Lonza), HSPCs were centrifuged for 10 min
at 90 ×g, the media was aspirated, and cells were resuspended
at a concentration of 100,000 cells per 18.5 µl of electropor-
ation buffer P3 (Lonza). For each condition, 50 pmol of RNP
was added to 100,000 cells, mixed briefly, and then electro-
porated with pulse code DS-137. Immediately following elec-
troporation, cells were rescued by adding HSPC growth media
directly into each electroporation well and then incubated at
37°C for 15 min. After rescue, cells were diluted to 250,000
cells/ml in HSPC growth media and incubated at 37°C for
an additional 48 h. A 10,000-cell aliquot was reserved for
predifferentiation sequencing, and the remaining cells were
equally divided for co-culture on OP9 or OP9-DL1 mouse stromal
cells.

Single-cell SPI1 genotyping
To perform single-cell genomic DNA analysis of CRIPSR-edited
alleles, 100,000 edited primary HSPCs from a cord blood donor
were encapsulated on a single-cell DNA genotyping platform
(Mission Bio; Tapestri; Pellegrino et al., 2018) according to the
manufacturer’s protocol to perform lysis, single-cell barcoding,
and targeted amplicon generation for a predesigned panel of
genes (Demaree et al., 2021) modified to include primers specific
to SPI1 exon 4 and exon 5. Recovery and cleanup of single-cell
libraries proceeded according to the Mission Bio V2 protocol. All
DNA libraries were run on a Bioanalyzer High Sensitivity DNA
electrophoresis chip (Agilent Technologies) to verify complete
removal of primer-dimer products. Libraries were quantified by
fluorometer (Qubit 3.0; Invitrogen) and sequenced on an Illu-
mina NextSeq 300 cycle Mid-Output Kit with a 20% spike-in of
PhiX control DNA (Illumina) to generate paired-end 150-
bp reads.

Sequencing data were processed using a custom pipeline
(github/AbateLab/scCRISPR; Demaree et al., 2021). Reads were
demultiplexed by cell barcode to create single-cell FASTQ files
for further processing. Amplicon sequence reads were aligned
and processed with the CRISPResso2 algorithm (Clement et al.,
2019) to quantify modifications (insertions and deletions) of the
target region. Cells with a minimum of 15 aligned reads at the
edited locus were selected for further analysis, and analysis only
included cells with 75% or more of the reads contributed by one
or two alleles, thereby excluding barcodes containing mixed
alleles arising from microfluidic cell multiplets. For each cell
passing filtering, the top two alleles were classified by coding
sequence length as WT (including possible substitutions), in-
frame, or frameshift mutations.

OP9 and OP9-DL1 co-culture with edited HSPCs
OP9/DL1 medium was prepared by reconstituting α-Minimum
Essential Media (Gibco; a-MEM) in diH2O with 2.2 g/liter
of sodium bicarbonate, 20% FBS (Sigma), 50 µg/ml penicillin-
streptomycin (Thermo Fisher Scientific), and 2 mM L-glutamine

(Thermo Fisher Scientific). OP9 and OP9-DL1 (La Motte-Mohs
et al., 2005) were cultured in 1.5 ml of media in six-well plates
and maintained at max ∼80% confluency by passaging every
2–3 d. For co-culture, 30,000 OP9 or 50,000 OP9-DL1 per
well was seeded in 1.5-ml media in six-well plates with addi-
tional IL-7 (5 ng/µl), Flt3 (5 ng/µl), and SCF (30 ng/µl) for 24 h;
then edited HSPCs were directly added. Differentiating HSPCs
were replated on freshly maintained OP9/DL1 cells every 7 d. To
plate HSPCs on fresh stroma, medium was gently pipetted to
loosen cells, then filtered through a 40-µm mesh into round-
bottom tubes. For the first 2 wk of differentiation, stroma was
trypsinized and filtered into the round-bottom tubes. After
week two, trypsin was no longer used. Cells were spun at
1,500 rpm for 5 min and resuspended in fresh OP9/DL1 media
containing IL-7, Flt3, and SCF. All cells were then plated with
freshly seeded stroma on six-well plates, with additional wells
at a 1:2 split as needed to prevent confluency.

Fluorescence-activated cell sorting of differentiated cells
Developing B lymphocytes and myeloid lineage cells were
maintained for 5 wk on OP9 co-culture, then harvested and
stained for B cell and myeloid markers with labeled antibodies
against CD19 (HIB19), CD20 (2H7), CD33 (WM53), and IgM
(MHM-38), all from BioLegend, and CD45 (HI30; BD-Biosci-
ence). Developing T lymphocytes were maintained on OP9-DL1
co-culture for 6.5 wk, then harvested and stained for T cell
markers with labeled antibodies against CD3 (UCHT1), CD4
(OKT4), and CD8 (HIT8a), all from BioLegend. Cell populations
were sorted on a BD FACS Aria (BD Bioscience) with a 100-µm
nozzle. Sorted cells were washed in 50% FCS in PBS, pelleted,
and frozen for later processing.

Amplicon sequencing to determine editing efficiency
Genomic DNA was extracted from cell pellets using the Zymo
Quick-Extract DNA MiniPrep kit (Zymo Research). Extracted
DNA was purified by SPRI bead cleanup and resuspended in
20 µl water. A two-step PCR amplicon sequencing approach was
used to amplify and index samples before next-generation se-
quencing. For PCR, 1.8 µl of clean genomic DNA (50 µl total
reaction) was amplified with touchdown-PCR conditions for 30
total cycles with KapaHiFi polymerase (Kapa Biosystems) using
validated primers targeting an ∼100–150-bp region around the
predicted cut sites. After an 0.8× SPRI bead cleanup, a second
PCR was then performed with NEB Q5 2× Master Mix Hot Start
Polymerase for 10 cycles to append P5 and P7 Illumina Nextera
sequencing adaptors and sample-specific indices, followed again
by a 1.0× SPRI bead cleanup. Concentrations were normalized
across samples and pooled, and the amplicon library was se-
quenced with a 15% spike-in of PhiX control DNA on an Illumina
MiniSeq to obtain paired-end 150 base reads. For samples with
<50,000 aligned amplicon reads, PCR 1 and PCR 2 were redone,
and sequencing was performed on a HiSeq with single-end 100
base reads. Amplicon sequence reads were aligned and pro-
cessed with the CRISPResso2 algorithm in batch mode (Clement
et al., 2019) to analyze editing efficiency and quantify mod-
ifications (insertions and deletions) of the target region in each
sample.
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Plasmid construction
Plasmids used to construct PU.1 reporter cells included (1) an
EGFP-based reporter controlled by a minimal promoter down-
stream of a synthetic λB-based enhancer and (2) a pcDNA3.1(+)
construction containing, under the promoter CMV (pCMV), the
sequence SPI1 fused to either infrared RFP (iRFP) or mCherry
genes via self-cleaving 2A peptide sequence (Lek et al., 2016).
SPI1 mutations were introduced into the pCMV-iRFP-2A-SPI1
(corresponding to isoform one) plasmid by site-directed muta-
genesis using the Q5 Site-Directed Mutagenesis kit (NEB). Each
SPI1 plasmid sequence was validated by Sanger sequencing be-
fore transfection.

PU.1 reporter assay
For single SPI1 plasmid transfections, mutated or unmuted pCMV-
iRFP-2A-SPI1 (100 ng) were Lipofectamine (Invitrogen) co-
transfected with λB-promoter/enhancer-EGFP (Munde et al.,
2014; 10 ng) into 2 × 105 HEK293 cells, a line lacking native
PU.1 expression. After 48 h, cells were stained for live/dead cell
discrimination using a LIVE/DEAD kit (Invitrogen). The fre-
quencies of live iRFP+ cells were acquired by a flow cytometer.
For transfections using two SPI1 plasmids, mutated or unmutated
pCMV-iRFP-2A-SPI1 (50 ng) and unmutated pCMV-mCherry-2A-
SPI1 (50 ng) were cotransfected with λB–promoter/enhancer–
EGFP (10 ng) into 2 × 105 HEK293 cells. A pCMV-SPI1_ETS
plasmid (Albrecht et al., 2018) encoding a PU.1 ETS fragment,
was used as a dominant negative control. The frequencies of live
mCherry+ and/ormCherry+iRFP+ cells weremeasured after 48 h.

Immunoblots
pCMV-iRFP-2A-SPI1 (500 ng) was transfected into 5 × 105

HEK293 cells with Lipofectamine. After 48 h, live iRFP+ cells
were sorted with a MoFlo Astrios EQ (Beckman Coulter) and
then lysed for 10 min with ice-cold RIPA buffer (150 mM NaCl,
5 mM EDTA, 50 mM Tris, pH 8, 1% IGEPAL, 0.5% sodium de-
oxycholate, and 0.1% SDS) supplemented with protease inhibi-
tor. Cell lysates were centrifuged at 8,000 ×g for 5 min. After
quantification by Bradford testing, 7 µg of proteins were incu-
batedwith 4×Laemmli sample buffer containing 2-βmercaptoethanol
at 95°C for 5 min. Proteins were separated by 4–15% SDS-PAGE
gel and transferred to PVDF membranes using the trans-blot
turbo transfer system (all from Bio-Rad) and probed with a
rabbit anti-PU.1 antibody recognizing an epitope within the first
100 N-terminal amino acids (EPR3158Y; Abcam) or a rabbit
anti–β actin antibody (13E5; Cell Signaling). Proteins were de-
tected by chemiluminescence using species-specific HRP-linked
antibodies (Cell Signaling). Immunoblots were visualized with a
ChemidocMP imaging system (Bio-Rad) and quantified with ImageJ
software (National Institutes of Health freeware).

To determine PU.1 localization, live iRFP+ HEK293 cells were
sorted as described above, then incubated for 15 min on ice-cold
hypotonic buffer (20 mM Tris-HCl, 10 mM NaCl, 3 mM MgCl2,
and 10% IGEPAL) before centrifuging at 8,000 ×g for 10 min.
Cytoplasmic and nuclear protein fractions were extracted after a
30-min incubation in ice-cold RIPA lysis buffer. Gel separation
and transfer of proteins were performed as described above.
Rabbit anti-GAPDH (D16H11; cell signaling) and mouse anti-

Lamin A/C (E-1; Santa Cruz) antibodies were respectively used
as cytoplasmic and nuclear controls.

PU.1 expression was also semi-quantified on PU.MA PBMCs
and compared with HD PBMCs in which B cells were depleted
via CD20 microbead depletion (Miltenyi). Undepleted cell ly-
sates were normalized and immunoblotted as described.

Co-immunoprecipitation
HEK293 cells were transfected with pCMV-iRFP-2A-SPI1 and ei-
ther pCMV-IRF4-HA or pCMV-IRF8-FLAG (GeneCopia). Following
48 h, cells were lysed with Reliablot lysis buffer (250 mM NaCl,
50 mM Tris, pH 8, 5 mM EDTA, and 0.5% IGEPAL; Bethyl Labs).
200 µg of lysate proteins were incubated with either mouse anti-
hemagglutinin (HA) beads or rabbit anti-Flag beads (Sigma)
overnight at 4°C and then incubated with RIPA lysis buffer before
gel separation and transfer as described above. Rabbit anti-Flag
(D6W5B; Cell Signaling) and rabbit anti-HA (C29F4; Cell Signal-
ing) antibodies were used to confirm sample loading.

Confocal microscopy
HEK293 cells (0.4 × 105) seeded onto Lab-Tek (Nunc) were
transfected with mutated or unmutated pCMV-iRFP-2A-SPI1.
After 48 h, cells were washed with PBS, fixed for 15 min in 4%
paraformaldehyde, and permeabilized for 15 min in 0.1% Triton
X-100 in PBS at room temperature. After 30 min in blocking
buffer (PBS 0.1% Triton X-100 with 2% BSA), cells were incu-
bated for 2 h with a rabbit anti-PU.1 monoclonal antibody
(EPR3158Y; Abcam), washed again, and incubated for 1 h in
blocking buffer containing goat anti-rabbit Alexa Fluor 488 anti-
body (Invitrogen). After a final wash, cells were DAPI stained and
mounted on slides using Fluorescence Mounting Medium (Dako).
Images were obtained on a Leica TCS SP8 inverted confocal mi-
croscope with a 63× oil immersion objective (LeicaMicrosystems).
Images were analyzed with ImageJ software.

Electrophoretic mobility shift assay
PU.1/probe DNA interactions were assessed using gelshift chem-
iluminescence (ActiveMotif) in accordance with manufacturer’s
instructions. Nuclear extracts from live, iRFP+ HEK293 cells
transfected with WT or mutated pCMV-iRFP-2A-SPI1 plasmids
were generated as described. WT, H212P, and V242G PU.1
proteins were semi-quantified by immunoblot to enable nor-
malized PU.1 loading. As G109Sfs*78 and Y122X PU.1 proteins
were undetectable in nuclear lysates, we included them in blots
as additional negative controls. Nuclear extracts were incubated
for 10 min at room temperature with 20 fmol biotin-PU.1 probe
DNA in the presence of poly(dI-dC) (50 ng/µl). DNA–protein
complexes were separated on a 6% retardation gel (Thermo Fisher
Scientific) with 0.5× Tris/Borate/EDTA solution. The nucleotide
sequences of PU.1 probes were 59bio-AAAAAGAGGAAGTGAAAC-
39 and 59-GTTTCACTTCCTCTTTTT-39 (IDT).

Production and purification of ETS protein fragments
Codon-optimized DNA fragments encoding various point mu-
tants of the ETS domains (human number 165–270, termed
ΔN165; Xhani et al., 2020) were synthesized by IDT DNA Tech-
nologies. The fragments were subcloned into NcoI/HindIII sites
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of pCDF-1b vector (Novagen) for overexpression in Escherichia
coli. All constructs were verified by Sanger sequencing.

Heterologous overexpression in BL21(DE3)pLysS E. coli was
performed as previously described (Esaki et al., 2017). In brief,
expression cultures in lysogeny broth media were induced at an
OD600 of 0.6 with 0.5 mM isopropyl β-D-1-thiogalactopyrano-
side for 4 h at 25°C. Harvested cells were lysed by sonication in
0.1 M TrisHCl, pH 7.4, containing 0.5 M NaCl and 1 mM PMSF.
After centrifugation, cleared lysate was extracted with Co-NTA
and eluted in up to 15 ml of elution buffer containing 150 mM
imidazole. The eluate was dialyzed overnight in the presence of
10 U of thrombin (MPBio) against 10 mM NaH2PO4/Na2HPO4,
pH 7.4, containing 0.5 M NaCl and polished on Sepharose SP
(HiTrap; GE Healthcare). After extensive washing in this
buffer, the protein was eluted in an NaCl gradient at ∼1 M.
Purified protein was dialyzed extensively and diluted as
needed with dialysate. Protein concentrations were de-
termined by UV absorption at 280 nm using the extinction
coefficient 22,460 M−1cm−1.

Quantitative fluorescence polarization titrations
DNA binding by protein was measured by steady-state anisot-
ropy of a Cy3-labeled DNA probe encoding the optimal PU.1-
binding sequence 59-AGCGGAAGTG-39. In brief, 0.5 nM of
DNA probe was titrated with protein in a 10 mM TrisHCl
buffer, pH 7.4, containing 0.1% wt/vol BSA and 0.15 M NaCl.
Steady-state anisotropies 〈r〉were measured at 595 nm in 384-
well black plates (Corning) in a Molecular Dynamics Paradigm
plate-reader with 530-nm excitation. The signal represented
the fractional bound DNA probe (Fb), scaled by the limiting
anisotropies of the i-th bound 〈ri〉 and unbound states 〈r0〉 as
follows:

〈r〉 � Fb

 Xn
i�1

〈ri〉 − 〈r0〉
!

+ 〈r0〉 � Fb
Xn
i�1

Δri + 〈r0〉, (1)

where Fb is a function of total protein concentration as taken. As
PU.1 is known to form 1:1 and 2:1 complexes with a single ETS
binding site (Esaki et al., 2017), two stepwise Kds were used to
describe the direct binding of the labeled DNA probe by PU.1:

Kd1 � [P][D]
[PD]

Kd2 � [PD][P]
[P2D]

,

(2)

where P and D denote PU.1 and DNA. The observed anisotropy
change represented the summed contributions of the two com-
plexes as expressed by Eq. 1. The equations are solved numeri-
cally in terms of the unbound protein, P. The solution, which is
cubic in [P], is

0 � φ0 + φ1[P] + φ2[P]2 + φ3[P]3,8>><
>>:

φ0 � Kd1Kd2[P]t
φ1 � Kd1Kd2 − Kd2[P]t + Kd2[D]t
φ2 � Kd2 − [P]t + 2[D]t
φ3 � 1

(3)

where the subscript “t” represents the total concentration of the
referred species. With [P] in hand, [D], [PD], and [P2D] were
computed from Eq. 2 and the corresponding equations of state.
Nonlinear least-square regression was performed using Origin
(v2019b).

Circular dichroism spectroscopy
Proteins were diluted with dialysate to 10 µM and monitored at
222 nm in 10 mM NaH2PO4/Na2HPO4, pH 7.4, and 0.15 M NaCl
with a Jasco J-810 instrument. The slit width was set at 2 nm.
Samples were heated at 0.75°C/min followed by cooling at the
same rate to determine reversibility. The circular dichroism
signal at each temperature was integrated for 30 s. Under these
conditions, ΔN165 exists predominantly as a monomer (Xhani
et al., 2020). Melting curves were therefore analyzed according
to denaturation of a two-state monomer as previously described
to estimate their melting temperatures (Poon et al., 2002).

Three-dimensional PU.1 modeling
To three-dimensionally model patient PU.1 variants, the crystal
structure of murine PU.1 bound to duplex DNA was used. This
structure has been assigned Protein Data Bank accession no. 1PUE
(Kodandapani et al., 1996). Ribbon representation of the interac-
tion was generated with PyMOL v2.2.3 (Schrödinger, LLC).

Generation of SPI1 edited RS4;11 lines
RS4;11 cells were electroporated alone (unedited, SPI1+/+) or with
Cas9 enzyme and a gRNA sequence (59-GGGGGUGGAAGUCCC
AGUAA-39) targeting exon one of SPI1 (Synthego). Editing effi-
ciency approached 50%. Clonal populations of mono (SPI1+/−)
and biallelically edited cells (SPI1−/−) were obtained via limiting
dilution and clonal expansion. Genomic edits were confirmed
via Sanger sequencing (data not shown) and with PU.1 im-
munoblots (Fig. 5 A).

ATAC-seq library preparation and sequencing
100,000-cell aliquots of SPI1+/+, SPI1+/−, and SPI1−/− RS4;11 cells
were harvested in triplicate, washed twice, resuspended in 50 µl
cold lysis buffer (10 mM Tris-HCl, pH 7.4, 10 mM NaCl, 3 mM
MgCl2, and 0.1% IGEPAL CA-630), and then spun down imme-
diately at 550 ×g for 10min, 4°C. The supernatant was discarded,
and nuclei were immediately resuspended in cold transposition
reaction mix from Illumina Tagment DNA Enzyme kit. The
transposition reaction was incubated at 37°C for 45 min. Im-
mediately following transposition, 10 µl of 3M Sodium Acetate
was added to the DNA, which was then purified using a Qiagen
MinElute Kit. Transposed DNA fragments were PCR amplified
for 12 cycles using NEBNext High-Fidelity 2× PCR Master Mix
with Nextera primers (Illumina). The PCR reaction was cleaned
up using AMPureXP beads (Agencourt) and then paired-end
sequenced on the Illumina NovaSeq platform (51-bp read
length) at the Center for Spatial and Functional Genomics.

RNA-seq library preparation and sequencing
1,000,000-cell aliquots of SPI1+/+, SPI1+/−, and SPI1−/− RS4;11 cells
were harvested in triplicate and stored in Trizol. RNA was ex-
tracted and purified using Direct-zol RNA Microprep (Zymo
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Research). Approximately 600 ng of high-quality RNA was used
to prepare each library by using the TruSeq Stranded mRNA
Library Prep Kit and the IDT for Illumina-TruSeq RNA UD In-
dexes (Illumina). Samples were sequenced on the Illumina No-
vaSeq platform (51-bp read length) at the Center for Spatial and
Functional Genomics.

ATAC-seq peak calling and accessibility estimate
ATAC-seq peaks (OCRs) were called independently for each
sample using the ENCODE ATAC-seq pipeline (https://www.
encodeproject.org/atac-seq/). Briefly, pair-end reads from all
replicates for each cell type were aligned to hg19 genome using
bowtie2, and duplicate reads were removed from the alignment.
Aligned tags were generated by offsetting +4 bp for all the reads
aligned to the forward strand and −5 bp for all the reads aligned
to the reverse strand. Narrow peaks were called independently
for pooled replicates for each cell type using MACS2 (Zhang
et al., 2008; −p 0.01–nomodel–shift −75–extsize 150 −B–SPMR–
keep-dup all–call-summits), and ENCODE blacklist regions
(wgEncodeDacMapabilityConsensusExcludable.bed.gz) were re-
moved from called peaks. To improve the reproducibility on
peak calling, the OCR sets for each condition were consolidated
into one list by union operations on the OCRs present in at least
two replicates. This generates a total of 139,424, 98,732, and 122,539
OCRs for SPI1+/+, SPI1+/−, and SPI1−/− samples, respectively. A final
consensus of 189,774 OCRs was generated by combining the OCR
sets across all the conditions using bedtools intersect (v2.25.0).

To estimate the accessibility in OCRs, the de-duplicated read
counts for consensus OCRs were calculated for each replicate.
Accessibilitywas estimated by FPKM for each called peak and each
library and averaged across all replicates for each condition.

Differential analysis of chromatin accessibility
To determine whether an OCR is differentially accessible be-
tween unedited (SPI1+/+) and CRISPR/Cas9 edited with mono-
allelic (SPI1+/−) or biallelic indels (SPI1−/−), the de-duplicated read
counts for consensus OCRs were calculated for each replicate
and normalized against background (10-K bins of genome) using
the R package Csaw (v1.8.1; Lun and Smyth, 2016). OCRs with
median value of <1.5 counts per million (CPM; 5–15 reads per
OCR) across all replicates were removed from further differen-
tial analysis. Similar to gene differential analysis, accessibility
differential analysis was performed pairwise (SPI1+/− versus
SPI1+/+, SPI1−/− versus SPI1+/+, and SPI1−/− versus SPI1+/−) using
glmQLFit approach fitting model ~condition in edgeR (v3.16.5)
but with the normalization scaling factors calculated from csaw.
Differential OCRs between conditions were identified if FDR <
0.05 and absolute log2 FC >1.

Motif enrichment and TF binding site prediction
The HOMER motif database contains 332 motif matrices and is
mostly based on the analysis of public ChIP-seq datasets (http://
homer.ucsd.edu/homer/motif/motifDatabase.html). We used
this motif collection for both TF enrichment and TF-binding site
prediction. The 13,171 OCRs that were less accessible in mono-
allelic indels compared with unedited were applied to motif
enrichment analysis using findMotifsGenome.pl from HOMER

(v4.10) with parameter setting size given. The cumulative bi-
nominal distribution was used for motif ranking. Any enriched
TFs (Benjamini–Hochberg [BH] <0.05) were removed from
ranking if they were not expressed or wereminimally expressed
in unedited samples (mean transcript per million < 1).

Protein interaction quantification (Sherwood et al., 2014) was
used to predict TF binding sites from the assembly gap masked
genome sequence as described in https://github.com/orzechoj/
piq-single. Briefly, HOMERmotifs were first converted to jaspar
format using R package universalmotif (http://bioconductor.
org/packages/release/bioc/html/universalmotif.html) and were
used for generating the position weight matrix (PWM) hits
across masked genome. The protein interaction quantification
was run separately for unedited, monoallelic, and biallelic
samples after merging the BAM files. A binding site candidate
was defined by using the purity score cutoff 0.7 in at least one
condition and overlapping with precalled OCRs.

RNA-seq preprocessing, gene differential expression analysis,
and gene set enrichment analysis (GSEA)
The pair-end FASTQ file for each sample was mapped to genome
assembly hg19 by STAR (v2.6.0c) independently. GencodeV19
annotation was used for gene feature annotation, and the raw
read count for gene feature was calculated by htseq-count
(v0.6.1; Anders et al., 2015) with parameter settings −f bam −r
pos −s reverse −t exon −m union. The gene features localized on
chrM or annotated as ribosomal RNAs were removed from the
final sample-by-gene read count matrix.

The differential analysis was performed in R (v3.3.2) using R
package edgeR (v3.16.5; Robinson et al., 2010). Briefly, the raw reads
on gene features were applied to CPM (read CPM total reads). The
gene features with median value of <0.25 CPM (10∼14 reads per
gene feature) across all samples were removed from differential
analysis. The trimmed mean of M-values method was used to cal-
culate normalization scaling factors, and the quasi-likelihood nega-
tive binomial generalized log-linear (glmQLFit) approach was
applied to the count data with model fitting ~condition for each
pairwise comparison (SPI1+/− versus SPI1+/+, SPI1−/− versus SPI1+/+,
and SPI1−/− versus SPI1+/−). The DEGs were identified with the cutoff
FDR < 0.05 and absolute logFC > 1.

To determine whether the DEGs detected in RS4;11 lines were
enriched for transcripts vital to the pro– to pre–B cell transition, we
performed preranked GSEA using R package fgsea (Korotkevich
et al., 2019 Preprint; Subramanian et al., 2005). The DEGs be-
tween SPI1+/− and SPI1−/− were ranked on significance level
(−log10FDR) and compared with gene sets differentially expressed
between pro-B and pre-B in healthy human (Hystad et al., 2007)
and DEG sets between patient and control pro–B cells through
CITE-seq. Enrichment score was calculated to reflect how often
members of gene set occur at the top or bottom of the ranked da-
taset. Statistical significance of the enrichment score was deter-
mined by 100 permutations on RS4;11 DEG significance level rank.

Correlating gene expression with OCR accessibility
To explore the association between gene expression and OCR
accessibility, we first focused on the expression FCs of DEGs
between SPI1+/− and SPI1−/− RS4;11 lines and compared themwith
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accessibility FC of promoter OCRs that are located within gene
promoter (−1,500 bp approximately +500 bp around TSS). A
50% LOESS regression on the normalized expression FCs was
used to smooth gene expression over chromatin openness
changes (Moskowitz et al., 2017). To predict the effect of dis-
tance on the gene expression–OCR accessibility correlation,
each OCR was assigned to its closest gene, and the Spearman
coefficient was calculated for each OCR–gene pair. The pro-
portion of OCR–gene pairs in which expression perfectly co-
ordinated with accessibility (Spearman coefficient = 1) was
determined for each bin of distance between OCR and gene
TSS. Compared with distal regions, gene expression–OCR ac-
cessibility correlation was peaked within 2,000 bp upstream of
gene TSS, and statistical significance was determined by one-
tailed proportion test.

Predicting interactions between PU.1 and gene promoters
To predict which gene promoter regions PU.1 interacts with, we
defined promoter regions as the –2,000 bp around TSSs. We
used bedtools to determine whether the promoter regions
overlapped with optimal irreproducible discovery rate peaks
from PU.1 ChIP-seq in human B lymphocyte cell line GM12878
from ENCODE (https://www.encodeproject.org/experiments/
ENCSR000BGQ) or contained a PU.1-binding motif (as de-
scribed above in the Motif enrichment section).

Statistical analyses
Prism v9 (GraphPad) was used to perform nonparametric
Mann-Whitney and one-way ANOVA tests for analysis of im-
munophenotypic data and PU.1 reporter experiments. Paired
nonparametric Mann-Whitney U tests were used to compare the
rank order of OCR accessibilities (log2 FPKM) among experi-
mental conditions (SPI1+/+ versus SPI1+/− versus SPI1+/−). χ2 tests
were used to evaluate the overlapping probability between
less open DARs in edited SPI1 lines and PU.1 ChiP-seq peaks.
Correlation between promoter region accessibilities and
gene expression was evaluated by GSEA preranked module
(Subramanian et al., 2005). Briefly, the software calculated en-
richment score, which is a running sum statistic incremented by
the absolute value of the ranking metric when a gene belongs to
the set. The statistical significance of the enrichment score was
assessed by permutation test (n = 1,000). Binomial tests were
used to calculate motif enrichment, and P value was adjusted
with BH multiple-comparisons procedure. Negative binomial
generalized linear models were implemented using the “edgeR”
to perform the differential analysis of replicated count data from
RNA-seq and ATAC-seq. P value was adjusted with BH multiple-
comparisons procedure. Hypergeometric test was used for
pathway enrichment. P value was adjusted with BH multiple-
comparisons procedure. Pro–B cell gene set enrichment was
evaluated by GSEA preranked module (Subramanian et al.,
2005), in which enrichment score was incremented by the
ranking metrics and P value was estimated by permutation test
(n = 100). One-tailed one-sample proportion test was used to
determine statistically significant higher proportion of coordi-
nate OCR accessibility–gene expression when OCR was located
within 2,000 bp upstream of gene TSS.

Data availability statement
RNA-seq data and ATAC-seq data were deposited and are pub-
licly available through EMBL-EBI ArrayExpress under accession
nos. E-MTAB-8677 and E-MTAB-8676. CITE-seq data were de-
posited and are publicly available through Gene Expression
Omnibus under accession no. GSE165645. SPI1 mutations de-
scribed here have been deposited in the National Center for Bi-
otechnology Information ClinVar database under accession nos.
SCV001134082, SCV001134083, SCV001134083, SCV001134085,
SCV001451930, and SCV001451931.

Online supplemental material
Fig. S1 shows PU.1 expression in PBMCs, PBMC subsets, and
neutrophils from PU.MA patients and healthy controls. Chro-
matograms show relative proportions of mutated and un-
mutated PU.MA patient SPI1 transcripts. Fig. S2 shows the
number of dendritic cell subsets and the frequency of cytokine-
secreting myeloid cells from PU.MA patients and HD controls.
Relative frequencies of T helper cell subsets, monocyte subsets,
and innate lymphoid cells are also displayed. Fig. S3 shows ex-
pression of key proteins and transcripts that define mononu-
clear bonemarrow populations. Fig. S4 shows the distribution of
SPI1 and/or AAVS mutations in single HSPCs after editing but
before differentiation and in batch-sorted cells after in vitro
differentiation. Fig. S5 shows EGFP expression by PU.1 reporter
cells that express either unmutated PU.1 or patient PU.1 variants
or common gnomAD variants or coexpressing unmutated PU.1
and an ETS fragment. Immunoblots of coimmunoprecipitations
show how unmutated PU.1 and patient PU.1 variants interact
with IRF4 and IRF8. Confocal images of HEK293 cells show in-
tracellular distribution of unmutated and mutated PU.1.
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Supplemental material

Figure S1. PU.1 expression is reduced in PU.MA patients. (A) Left: An anti-PU.1 N-terminal antibody detects PU.1 in B cell–depleted HD and PU.MA patient
PBMC lysates. 10 µg of total protein was loaded per lane. Right: PU.1 to β-actin staining intensity ratios for four HD controls and six patients. Bars represent
mean values. (B)Histograms show PU.1 staining of PBMCs from a representative HD and from patient A.II.2 before and after hematopoietic stem cell transplant
(HSCT). (C) Histograms show PU.1 expression by HD and patient C.II.1 circulating CD11b+ neutrophils. Bars show average neutrophil PU.1 mean fluorescence
intensities (MFIs) for HDs (n = 3) and patients (n = 3). (D) Bars show average PU.1 MFIs for HD (n = 10) and patient (n = 6) NK cells (CD3−CD20−CD56+CD16+),
T cells, B cells, pDCs (CD3−CD20−CD14−HLADR+CD11c−CD303+), monocytes (Mo), and cDCs (CD3−CD20−CD14− HLADR+CD11c+CD303−). (E) Chromatograms depict SPI1
transcripts from patient PBMC cDNA libraries. Positions where nucleotides are replaced, inserted, or deleted are highlighted (yellow). *, P < 0.05; **, P < 0.01; and ***, P <
0.001 (two-sided Mann-Whitney U tests). na, not applicable due to the absence of circulating B cells.
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Figure S2. IL-12– and IL-6–secreting cDCs are scarce in PU.MA patient blood samples. (A) Absolute pDC and cDC concentrations (cell/µl) in HD (n = 12)
and PU.MA patient (n = 6) blood samples are shown. (B) The frequency of IL-12– and/or IL-6– expressing cDCs (top) or total myeloid cells (inclusive of cDCs;
bottom) from HDs (n = 3) and patients (n = 3) is identified by flow cytometry after 6 h of gardiquimod (gmod) or LPS activation. (C and D) The gating strategy
and frequencies of HD (n = 12) and patient (n = 6) memory T helper (Th) cell subsets including Th1 (CXCR3+CCR6−), Th2 (CCR6−CXCR3−), Th17 (CXCR3−CCR6+),
Th1-17 (CXCR3+CCR6+; C), and cTfh (CXCR5+PD1+; D) as percentages of CD45RO+ Th cells. (E) Regulatory T cell (T reg cell; CD25+FOXP3+) frequencies are
displayed as percentages of total Th cells. (F) Classical (cMo; CD14+CD16lo), intermediate (iMo; CD14+CD16+), and nonclassical (ncMo; CD14loCD162+) monocyte
frequencies are shown as a percentage of total HD (n = 12) and patient (n = 6) PBMCs. (G) Flow cytometry plots illustrate the strategy used to identify
circulating ILCs. Lineage (lin*)-positive staining is defined as cells expressing any of the following proteins: CD3, CD14, CD19, or CD11c. ILC frequencies are
shown as a percentage of total PBMCs for HDs (n = 10) and patients (n = 6). Pie charts depict averaged ratios of ILC subsets from HD and patients (ILC1,
CD117−CRTH2+; ILC2, CRTH2+; ILC3, CD117+CRTH2−). Bars represent mean values throughout. **, P < 0.01 (two-sided Mann-Whitney U tests). cTfh, circulating
T follicular helper cell; FSC-A, forward scatter-A; SSC-A, side scatter-A.
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Figure S3. Protein and transcript heat maps of bone marrow cells. (A) Heat maps show log2 expression of B cell–relevant proteins (CD19, CD20, IgD) and
transcripts (CD34 and DNTT) overlaid upon dimensionally reduced UMAP plots of merged HD and patient A.II.2 bone marrow mononuclear cells. (B) Heat maps
show log2 expression of key proteins (CD3, CD8, CD4, CD14, CD123, CD1c, and CD56 proteins) and transcripts (BLVRB andMPO transcripts) used to label UMAP
clustered cells. For labeling cells, types were defined as follows: pro-B: CD19+CD20−IgD−, pre-B1: CD19+CD34−CD20−, pre-B2: CD19+CD20+IgD−, immature and
mature naive B: CD19+CD20+IgD+, memory B: CD19+CD27+, plasma cell (PC): SDC1, γδ T cell: TCRVδ, erythroid progenitor: BLVRB, common lymphoid progenitor
(CLP):MME, hematopoietic stem cells (HSCs): CD34, granulocyte macrophage progenitor (GMP):MPO, cDC: CD1c, pDC: CD123, CD14+ monocytes: CD14. CD16+

monocytes: CD16. NK and NKT: CD56. Activated CTL: CD8 and CCL5, resting CTL: CD8 and CCR7, CD4 T cell: CD4, T reg cell: FOXP3. NKT, natural killer T cell.
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Figure S4. SPI1 edits before and after in vitro differentiation. (A) SPI1 allele distributions (based on coding sequence length) determined by single-cell
genomic DNA amplicon sequencing. 2,009 HSPCs from cord blood donor one were analyzed at Exon 4. 2,581 HSPCs were analyzed at Exon 5. (B) The fractions
of amplicon reads, in indicated donors and cell types, correctly aligned to reference are indicated with single-nucleotide resolution (gray rectangles) for each
genomic target region. gRNAs used to introduce edits are shown aligned with the protospacer adjacent motifs (PAMs) at each cut site. Figure depicts cells from
cord blood donors two and three. (C) Frequencies of in-frame (white), frame-shifting (black), and intronic (gray) genomic edits introduced into SPI1 exons and
AAVS1 using indicated guides are displayed.
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Figure S5. Functional assessment of mutant PU.1 proteins in HEK293 cells. (A) Ectopic PU.1 activity was measured in a HEK293 reporter cell line
containing EGFP under the transcriptional control of a PU.1-dependent, λB-based promoter/enhancer nucleotide sequence. An ETS fragment competes with
PU.1 for promoter binding sites. (B) Representative flow cytometry dot plots from a single experiment displays frequencies of live, EGFP-positive cells
successfully transfected with WT or mutated SPI1. Transfection status determined by iRFP expression (orange shading). (C and D) The frequencies of EGFP+

HEK293 reporter cells expressing either WT PU.1, PU.MA-associated PU.1 mutants, or common PU.1 variants listed in gnomAD (C) or coexpressingWT PU.1 and
an ETS fragment (D). The mean allelic frequencies of selected gnomAD variants were all >1.5e−4. Data from one of three representative experiments. (E) HA-
tagged IRF4 and FLAG-tagged IRF8 similarly coimmunoprecipitated with WT and patient-associated H212P, L233Afs*53, and V242G PU.1. Data are repre-
sentative of two independent experiments. (F) Representative confocal images of anti-PU.1 and DAPI-stained HEK293 cells overexpressing the indicated PU.1
proteins are shown. Images from one of two representative experiments. *, P < 0.05; **, P < 0.01; and ***, P < 0.001 (paired Student t tests). IP,
immunoprecipitation.
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