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Thesis Abstract

Genetic variation in hematopoietic stem cell genomes predisposes cells to hematologic ma-
lignancies, and aberrant inflammatory signaling acts as a secondary insult to drive patho-
genesis. However, how the genome senses and adapts to the dynamically changing signaling
milieu is not fully understood. GATA Binding Protein 2 (GATA2), a master transcription
factor essential for embryonic and adult hematopoiesis, is an exemplary case. Mutations
in the coding or non-coding regions of GATA2 cause GATA2 Deficiency Syndrome with a
wide variety of hematologic manifestations, including immunodeficiency, bone marrow fail-
ure, Myelodysplastic Syndrome, and Acute Myeloid Leukemia. Genetic ablation of Gata?2
—77 kb enhancer is embryonically lethal after embryonic day 15.5, downregulates Gata2
expression in myeloerythroid progenitors, and upregulates the expression of genes encoding
innate immune machinery, including Interferon Regulatory Factor 8 (IRF8) and Toll-Like
Receptors (TLRs). These expression changes elevate Interferon-gamma (IFN+v) and TLR1/2
and TLR2/6 signaling. GATA2 reduction increases Monocyte Progenitors (MPs) and de-
creases Granulocyte Progenitors (GPs). Blocking IFN~ signaling by Irf8 ablation in —77 /=
embryos increases GPs and decreases MPs to normalize the progenitor imbalance. In this
thesis, I demonstrated that genetic ablation of gene encoding TLR adaptor Myeloid Differen-
tiation 88 (MYDS8) attenuated the elevated TLR signaling in —77~/~ progenitors. MYDS88
deletion reduced GP and MP numbers but did not reverse the imbalance. Mechanistically,
the elevated signaling in GATA2-deficient progenitors required activity of the hematopoietic

transcription factor PU.1. In one cohort of inflammation-activated genes, PU.1 preoccupied



1X

the accessible loci in the steady state, and inflammatory signaling amplified the magnitude
of transcriptional responses. In another cohort, inflammation induced PU.1 chromatin oc-
cupancy, and the transcriptional responses exhibited greater sensitivity to IKK /S inhibition.
GATA2 co-occupies chromatin with heptad transcription factors, including RUNX1, and
they may function collectively. Unexpectedly, GATA2 opposes the activity of RUNX1 to
regulate qualitatively different inflammatory signaling pathways. In aggregate, the thesis
research advances the understanding of how hematopoietic transcription factors allow the

progenitor genome to sense and respond to inflammation.
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Abstract

Genetic variation predisposes hematopoietic stem and progenitor cells to hematologic malig-
nancies, and secondary insults promote pathogenesis. Besides acquiring collaborating mu-
tations, an aberrant inflammatory signaling milieu drives leukemogenesis. However, many
questions remain unanswered regarding how inflammatory signaling influences hematopoi-
etic genome function and how the genome senses and responds to inflammation. This review
focuses on the mechanisms underlying inflammation sensing and how germline and/or so-

matic variation influence genome function in inflammation contexts.



1.1 Introduction

Inflammation is a biological process initiated by the invasion of pathological agents or the
intrinsic perturbations in the cells. The pathogen-associated molecular patterns, including
structural components of bacterial cell walls and nucleic acid molecules of viral and bac-
terial agents, are detected by an array of pattern recognition receptors that are conserved
across different species throughout evolution [1, 2]. These receptors form families based on
their similarity in structure and function, including Toll-Like Receptors (TLRs) [3-7]. The
receptor-ligand interactions initiate the activation and assembly of signal adaptors and trans-
ducers, which are components of inflammatory signaling pathways [2]. These constituents
then activate signal-dependent transcription factors to regulate expression of genes encoding
inflammatory mediators, such as cytokines and chemokines, which respond to and/or sustain
inflammatory signaling. Inflammation can also occur independently of the receptor-ligand
paradigm, where perturbations in the genome and/or epigenome lead to sterile inflammatory
responses in diverse contexts, including aging and hematologic malignancies. The L265P mu-
tation in the adaptor protein Myeloid Differentiation 88 (MYDS&8) assembles a Myddosome
complex containing Interleukin 1 Receptor Associated Kinase 2 (IRAK2) and IRAK4, con-
stitutively activating inflammatory signaling independently of TLR activity in a subtype of
Diffuse Large B-cell Lymphoma [8, 9]. Janus Kinase 2 (JAK2) V617F mutation alters the
three-dimensional structure of a pseudokinase domain JH2, leading to the phosphorylation
of JH1 domain and promoting constitutive activation of JAK signaling in Myeloproliferative
Neoplasm (MPN) [10-14]. A common thread between pathogen and non-pathogen inflam-
mation mechanisms is that the inflammatory signaling cascades utilize similar signaling
devices, including Nuclear Factor x-Light Chain Enhancer of Activated B Cells (NF-xB),
Activator Protein 1 (AP1), Signal Transducers and Activators of Transcription (STATS),
and Interferon (IFN) Regulatory Factors (IRFs) [15-21].

The inflammatory machinery plays a dual role in development and defense, and the quali-



tative and quantitative considerations of inflammatory signaling need to be tightly controlled
to prevent disruptive consequences. The hematopoietic cluster cells expressing Ly6A-GFP
with lymphoid potential in the Aorta-Gonad-Mesonephros (AGM), umbilical, and vitelline
arteries at embryonic day (E) 10.5 exhibit an inflammatory gene expression program with
elevated TLRs and IFN-related genes relative to Ly6 A-GFP~ hematopoietic cluster and en-
dothelial cells in the same anatomical sites [22]. Genetic ablation of genes encoding IFN«a
Receptor 1 (Ifnarl), IFN~y Receptor 1 (Ifngrl), or IFN~v reduces the number of E10.5 lym-
phoid progenitors, and IFN~ signaling regulates the functional AGM Hematopoietic Stem
and Progenitor Cells (HSPCs) in a limiting-dilution transplantation assay [22]. Single-cell
transcriptome (scRNA-seq) analysis revealed an impulse of type I IFN signaling at E18.5
during the gradual transition from fetal to adult hematopoiesis [23, 24]. IFNARI loss re-
duces the number of Hematopoietic Stem Cells (HSCs) in the postnatal day (P) 0 fetal liver,
neonatal, and juvenile bone marrow [23]. Integrated single-cell transcriptome and surface
marker analyses recapitulated the reduction in immunophenotypic HSCs in the absence of
IFNARI [25]. Still, the transcriptionally defined Multipotent Progenitors (MPPs) are mod-
estly reduced without affecting the differentiated cells in the peripheral blood postnatally
[25]. During gestation, maternally derived inflammation induces cytokine production, in-
cluding IFN~, which can pass through the maternal-fetal barrier to influence fetal HSPC
function, enhancing HSPC expansion, self-renewal, and differentiation potential [26-28].
Experimental evidence from many laboratories has established a stepwise model to un-
derstand the interaction between inflammation and genetic variation in human pathologies
(Figure 1.1). HSPCs carry a germline genetic variant that predisposes them to hemato-
logic malignancies, such as those associated with GATA2 or RUNX1, or acquire a somatic
mutation that causes Clonal Hematopoiesis of Indeterminate Potential (CHIP), which in-
cludes mutations in DNMT3A, TET2, and ASXL1 [29-31]. Through the subsequent ac-
quisition of additional mutations and/or the influence of aberrant inflammatory milieu, the

pre-malignant HSPCs gain competitive advantages and transformation to promote leuke-



mogenesis [32, 33]. While many animal models have been developed to study the contribu-
tion of collaborating mutations in driving hematologic malignancy, how the hematopoietic
cell genome senses and responds to inflammation is not well established. In this review,

we described the mechanisms underlying the inflammation sensing by the hematopoietic

stem /progenitor genome and the influence of genetic variations on inflammatory responses.

HSPCs laborat
collaboratin
O O = mutationsg )
Q0O
@) O O
germline mutations . O
--------------------- S8 L e inflammation - O
insults
oS o -
@) OC()) — OOO leukemia
O OO mutations __J
somatic mutations and inflammation

Figure 1.1: Genetic variations and inflammation interact to promote leukemogenesis.
Hematopoietic Stem and Progenitor Cells (HSPCs) with germline genetic mutations (red), such as
those in GATA2 or RUNX1, or somatic mutations (yellow), including those in DNMTS3A, TET?2,
and ASXL1, are predisposed to hematologic malignancies. A secondary insult, such as collaborating
mutations, inflammation, or both, drives HSPC leukemogenesis (green).

1.2 Inflammation disrupts hematopoietic genome func-
tion

Since the cells sense the presence of inflammatory cues using an arsenal of cell surface- and
intracellular receptors, in principle, the hematopoietic transcription factors might directly or
indirectly regulate the expression of genes encoding receptors or downstream signaling com-
ponents. Once activated, inflammatory signaling may regulate the activation and/or chro-

matin occupancy of transcription factors to drive cellular responses and differentiation. The



current paradigm establishes that inflammation activates a class of signal-dependent tran-
scription factors, such as NF-xB, AP1, STATSs, and IRF's, to regulate the cytokine/chemokine
expression whose proteins mediate inflammatory responses. This paradigm does not pre-
dict how inflammation influences the activity of lineage-determining (e.g., hematopoietic)
transcription factors to establish and/or maintain genetic networks to sense and respond to
inflammation.

An exemplar is the GATA Binding Protein 2 (GATA2), a master regulator of hematopoiesis
[31-38]. Coding or non-coding mutations in GATA2 cause GATA2 Deficiency Syndrome
with diverse clinical manifestations, including mycobacterial infection, lymphedema, bone
marrow failure, and predisposition to Myelodysplastic Syndrome (MDS) and Acute Myeloid
Leukemia (AML) [39-11]. GATA2 deficiency resulting from the Gata2 —77 kb enhancer
(human —110 kb enhancer) deletion reduces GATA2 level by ~75% and disrupts normal
hematopoiesis in the murine fetal liver, causing the loss of multi-fate system and the re-
tention of monocytic fate potential [38, 12—11]. GATA2 reduction increases the number
of Common Myeloid Progenitors (CMPs) but depletes Megakaryocyte-Erythroid Progen-
itors (MEPs), causing severe erythropoietic defects and anemia in embryos [38, 13-15].
Although the number of Granulocyte Monocyte Progenitors (GMPs) is maintained at a sim-
ilar level relative to wild type, GATA2 reduction decreases Granulocyte Progenitors (GPs),
increases Monocyte Progenitors (MPs), causing an imbalance in GP:MP ratio within the
Ly6CT GMP population [44, 45]. Single-cell RNA-seq and proteomic analyses of CMP/GMP
pool revealed that the aberrant hematopoiesis correlates with an inflammatory-responsive
transcriptome resembling IFN~ signaling, and re-expressing GATA2 in primary and ER-
HOXBS8-immortalized (hi) —77-/~ progenitors in bulk RNA-seq analyses suppresses this
inflammatory-responsive signature genome-wide [13, 46]. Lowering GATA2 elevates the
expression of inflammatory machinery, including genes encoding IFN signaling component
IRF8, pattern recognition receptors TLR1/2/6, and cytokine receptors IL6ST/IL6RA, ren-

dering —77~/~ myeloerythroid progenitors and their differentiating progeny hypersensitive



to the corresponding signaling [43, 45, 46]. As with —777/~ embryos, GATA2 reduction
resulting from a compound Nras®2P/+;p538172H/+ mutation in an AML mouse model cor-
relates with elevated inflammatory machinery, including Tlr1, Irf5, Irf8, and ll6ra [17].

The dysregulated hematopoiesis and aberrant inflammatory-responsive transcriptome in-
trinsically instigated by GATA2 deficiency in fetal progenitors resembles the influence of ex-
trinsic inflammatory cues on normal hematopoiesis. In a chronic inflammatory mouse model,
IFN~ signaling induces monocyte expansion and reduces neutrophil production in periph-
eral blood and bone marrow, causing the monocyte:neutrophil imbalance and the elevation
of IRF8 and E26 Transformation-Specific (ETS) transcription factor PU.1 [18]. IFN+y sig-
naling induced by acute lymphochoriomeningitis viral infection promotes monopoiesis while
not impacting lymphopoiesis in peripheral blood [19]. In ez wivo differentiation assays,
IFN~ increases the number of monocyte progeny and decreases the number of granulocyte
progeny produced by GMPs, recapitulating the GP:MP imbalance in —77~/~ fetal liver
[43, 48]. Blocking IFN~ signaling via genetic ablation of Irf8 in —77~/~ fetal liver increases
GP, decreases MP, and reverses GP:MP imbalance [11]. Bacterial and viral mimetic-induced
inflammation using synthetic ligands for TLR2, TLR4, and TLR9 exclusively induces mono-
cyte and macrophage differentiation from HSPCs both ez vivo and in vivo independently of
the bone marrow niche [50, 51]. These findings are aligned with the elevated TLR1/2 and
TLR2/6 signaling of —77~/~ progenitors and the retention of monocytic differentiation po-
tential [13, 45, 52]. Attenuating TLR signaling via genetic ablation of Myd88 in the context
of Gata2 —77~/~ further reduces the number of GP and Colony-Forming-Unit Granulocytes
[15]. In contrast to Irf8 ablation, Myd88 deletion does not reverse GP:MP imbalance in
—777/= fetal liver [11, 17].

Differing from Gata2 —77~/~ fetal myeloerythroid progenitors, GATA2 acts as an activa-
tor or repressor of inflammation in other contexts. In human umbilical vein endothelial cells,
GATA2 co-occupies chromatin with AP1 components Jun Proto-oncogene (c-JUN) or FBJ

Murine Osteosarcoma Viral Oncogene Homolog (c-FOS) to activate the expression of inflam-



matory genes, including IL8, CXCL2, and CSF2 [53]. Mechanistically, GATA2 is required
for the chromatin occupancy of phosphorylated c-JUN [53]. Reducing GATA2 lowers phos-
phorylated ¢-JUN occupancy but does not affect the total c-JUN and ¢-FOS occupancy [53].
By contrast, ¢-JUN reduction does not influence GATA2 pre-occupancy at inflammatory
loci [53]. ¢-JUN is a coactivator of PU.1, and point mutations (Q202L, F203Y, or Y252N)
in the PU.1 ETS domain abrogate PU.1—c-JUN in vitro interaction, terminate embryo via-
bility after E£16.5, and corrupt myeloid differentiation in fetal livers [54, 55]. In murine mast
cells, GATA2 and PU.1 co-occupy the Il6 —39 kb enhancer to upregulate [l6 expression in
response to TLR4 ligand Lipopolysaccharide (LPS) [56]. Forced expression of GATA2 in a
murine kidney cell line elevates the transcriptional responses of inflammatory genes to acute
Tumor Necrosis Factor o (TNFa) signaling, including 116, Czcl10, and Csf1 [57]. GATA2
occupies inflammation-regulated loci that harbor AP1 binding motifs, and pharmacologi-
cal inhibition of AP1 attenuates Czcl10 and Csfl responsiveness to TNF« signaling in the
presence of enforced GATA2 [57]. Acute inflammation induced by TLR4 signaling results in
lower cytokine production in the peritoneal cavity lavage fluid and plasma in Gata2t/~ com-
pared to wild-type mice [58]. Since systemic inflammation activates both hematopoietic and
non-hematopoietic cells and whether the inflammatory inducers present in the bone marrow
at effective doses are not determined, the cytokine production might be compromised by
the defective hematopoietic cells generated from the progenitor imbalance in GATA2 defi-
ciency. To address the direct effects of GATA2 heterozygosity on inflammation, it will be
instructive to determine whether a 50% reduction in GATA2 levels influences the expression
of pattern recognition receptors and whether HSPC compartments isolated from Gata2*/~
bone marrow are responsive to inflammatory signaling. By contrast, the long non-coding
RNA (IncRNA) ROCKI suppresses GATA2 expression in human primary macrophages, and
ROCKTI deficiency or GATA2 overexpression downregulates pro-inflammatory proteins, in-
cluding IL1g, IL8, CXCLS8, and CCL20 [59]. In aggregate, the contribution of GATA2 in

inflammation-regulated mechanisms is highly cell-type-specific and locus-dependent.



Analogous to Gata2 —77~/~ deficiency, genetic ablation of other hematopoietic transcrip-
tion factors alters the expression of signaling devices responsible for inflammation sensing
and generates progenitors and progeny hyperresponsive to inflammatory signaling. The zinc
finger transcription factor Kruppel-Like Factor 4 (KLF4) regulates monocytic differentiation,
and neonates lacking KLF4 die shortly after birth [60, 61]. In adult bone marrow, conditional
deletion of KIfj upregulates multiple Tlr genes and elevates TLR4 protein levels in HSCs
[62]. Runt-Related Transcription Factor 1 (RUNX1) is a master regulator of hematopoiesis,
essential for AGM HSC emergence, megakaryopoiesis, and lymphopoiesis [63-66]. In human
pathologies, several common clinical manifestations of GATA2 and RUNXI1 deficiency are
defective megakaryopoiesis, incomplete penetrance of thrombocytopenia, and MDS/AML
predisposition [67]. Differing from GATA2 Deficiency Syndrome, human pathogenic vari-
ants in the coding sequence of RUNX1 cause Familial Platelet Disorder [68, 69]. Runx1 =/~
mouse models lack fetal liver hematopoiesis and are embryonically lethal at E12.5 [63, (1].
RUNX1 deletion in human CD34" HSPCs using the CRISPR/Cas9 gene editing tool reduces
granulocytic and increases monocytic differentiation in colony-forming unit and liquid differ-
entiation assays, mirroring GP:MP imbalance in the GATA2-deficient condition [70]. Single-
cell RNA-seq analysis of the murine bone marrow Lineage™Scal~cKitt (LSK) cells revealed
that RUNX1 loss generates inflammatory signature transcriptomes in GMP populations [71].
RUNXT1 loss remodels the chromatin landscape in the GMP genome, increasing accessibility
at inflammation-activated loci [72]. RUNXI1 occupies loci encoding components of TLR4
and IFN signaling pathways, including receptors (Cd14 and Ifnari/2) and transcription
factors (Stat and Irf genes) in steady-state GMPs [72]. As with —777/~ myeloerythroid
progenitors, RUNX1"“" GMPs produce neutrophils with elevated TLR4 and multiple TLR
and [FNa pathway components, rendering cells hyperresponsive to corresponding signaling
[71].

GATA2 and RUNXI1 govern transcriptional networks to establish and/or maintain nor-

mal hematopoiesis, yet, how these factors interact to regulate inflammatory responses is
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not well understood. GATA2 utilizes a DNA motif WGATAR (W = A/T and R = A/G)
for chromatin occupancy [73-75], while RUNX1 dimerizes with Core Binding Factor § to
occupy chromatin at a YGYGGTY (Y = C/T) consensus DNA sequence [76-78]. GATA2
and RUNX1 are components of a heptad complex, consisting of TAL1, LYL1, LMO2, FLI1,
and ERG, in mouse and human, indicating that they may function collectively [79-83]. The
Gata2 +9.5 kb enhancer (human intron 5) harbors an E-box-spacer-WGATAR composite el-
ement (CATCTG-8bp-AGATAA) for chromatin occupancy and assembly of a TAL1-GATA2
complex containing co-regulators LDB1 and LMO2 [80, 81]. Using this composite element as
a reference and by varying the spacer length between E-box and WGATAR motifs, an HSPC
cistrome was mapped out genome-wide [$5]. Whether such a composite element for the
GATA and RUNX motifs exists, how many base pairs these individual motifs are separated
within the motif combination, and how frequently the composite motif is present at heptad-

bound loci are not determined. Coimmunoprecipitation assay demonstrates GATA2-RUNX1

protein interaction and interactions with other heptad factors [$3]. Although Gata2t/~
and Runzl*/~ mice exhibit modest alterations in hematopoiesis [38, 86-58], the compound
Gata2~/~;Runxl~/~ heterozygosity is embryonically lethal [23]. Since —77~/~ progenitors

and RUNX 1™ neutrophils are hypersensitive to TLR1/2-IFNv and TLR4-IFNa signaling,
respectively [13, 15, 52, 71, 72], the heptad complex paradigm may predict that GATA2 and
RUNX1 function collectively to regulate transcriptional responses to inflammation. Unpre-
dictably of the cooperativity paradigm, RUNX1 deletion in hi—777/~ progenitors attenuates
the transcriptional responses of a cohort of genes to TLR1/2 and IFN~ combinatorial signal-
ing, suggesting that GATA2 and RUNX1 have opposing activities under inflammatory con-
ditions [45]. In contrast to the elevated Tlr1/2 expression in hi—77~/~ progenitors, RUNX1
loss upregulates Tlr4 expression, explaining the differential contributions of GATA2 and
RUNXI1 to qualitatively distinct inflammatory signaling pathways [15, 71, 72]. Together,
these data support a model in which the hematopoietic transcription factors regulate an

inflammation-related transcriptional circuitry to promote multi-fate potentials, and alter-
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ations in dosage/activity of these factors dysregulate this inflammation circuit to promote
select lineages while suppressing others.

As with GATA2 and RUNXI1 antagonism, the opposing activities of GATA2 and other
transcription factors regulate hematopoiesis. The heptad complex component ETS-Related
Gene (ERG) is crucial for definitive hematopoiesis, and a loss-of-function homozygous mu-
tation in the ERG DNA-binding domain renders murine fetal HSCs defective in self-renewal
capacity and embryonic lethality at E12.5 [89, 90]. Expressing human ERG in a mouse
transgenic model promotes AML and T-cell Acute Lymphoblastic Leukemia [91]. GATA2
opposes ERG activity, and a single Gata2 allele deletion in ERG transgenic mice acceler-
ates AML development, indicating Gata2 as a tumor suppressor gene [92]. Ecotropic Viral
Integration Site 1 (EVI1), encoded by MECOM, is another member of the ETS family. 3q
chromosomal rearrangements [inv(3)(q21;q26) or t(3;3)(q21;q26)] relocate the GATA2 —110
enhancer upstream, next to MECOM, inducing MECOM expression while downregulating
GATA2 expression as a mechanism of human leukemogenesis [41, 93, 94]. As with transgenic
ERG;Gata2%/~ mice, Gata2 heterozygous deletion in 3g21q26 mice promotes early onset
of leukemia, implying an antagonistic interaction between GATA2 and EVI1 [95]. GATA2
deficiency resulting from —77 enhancer deletion elevates the activity of another ETS factor
PU.1, without affecting its expression, to regulate myeloid and B-lineage gene networks in
hi—77~/~ progenitors [46]. Differing from the Erg~/~ mice, genetic interventions in different
parts of the Spil locus, encoding PU.1, dysregulate myelopoiesis and lymphopoiesis, affect
vitality at different stages of development, but do not impact erythropoiesis and megakary-
opoiesis [96, 97]. Disrupting a portion of exon 5 encoding amino acids (aa) 200-272 of PU.1
DNA binding domain is embryonically lethal at E18 [96]. Loss of the entire exon 5 generates
neonates with severe septicemia due to the absence of B cells, T cells, macrophages, and
neutrophils [97]. Antibiotic treatment prolongs survival for ~2 weeks and promotes T cell
development [97]. Unlike Spil deletion homozygosity, genetic ablation of the Spil —14 kb

Upstream Regulatory Element (URE) permits animal survival up to eight months of age,
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reduces PU.1 levels in bone marrow cells by 80%, and promotes AML development [9%,

]. Single-molecule RNA fluorescent in situ hybridization imaging demonstrated the co-
expression of Spil, Gatal, and Gata2 mRNA in the same single CMPs, GMPs, and MEPs
[100]. These lines of evidence support a model in which GATA factors antagonize ETS
factors to regulate hematopoiesis.

Varying the levels of the antagonistic hematopoietic transcription factors reveals the
mechanisms by which the genome senses inflammation. The elevated IFN~ and TLR1/2
signaling are synergistic in —77~/~ progenitors [15, 52]. Lowering PU.1 levels by ablation of
Spil URE impairs the transcriptional responses of hi—77~/~ progenitors to inflammatory
signaling, demonstrating the requirement of PU.1 in GATA2-dependent genome sensing of
inflammation [15]. In a cohort of inflammation-activated genes that are accessible in the
steady state, GATA2 and PU.1 pre-occupy chromatin, and inflammatory signaling amplifies
transcription (Figure 1.2) [15]. In another cohort, GATA2 and PU.1 do not bind chromatin,
and inflammatory signaling induces the occupancy of these factors to regulate transcription
[15]. The responsiveness of these GATA2- and PU.l-recruited genes are uniquely sensi-
tive to the pharmacological inhibition of IKK/3 upstream of the NF-xB signaling pathway
[15]. Oncogenic RAS G12V mutant elevates p38 Mitogen-Activated Protein Kinase (MAPK)
signaling, inducing multi-site phosphorylation of GATA2 to activate the expression of in-
flammatory genes [101, ]. Whether inflammation-induced GATA2 and PU.1 chromatin
occupancy requires post-translational modifications by IKKS or MAPK activity in myelo-
erythoid progenitors is not yet determined. Inflammation-activated transcription factors
NF-kB and IRF1 bind chromatin to induce chromatin accessibility, and the loss of NF-xB
components, RELA and REL, or IRF1 makes chromatin less accessible in response to in-
flammation in bone marrow-derived macrophages [103, |. Tt is instructive to determine
whether chromatin occupancy of these canonical signal-dependent transcription factors en-
ables GATA2 and PU.1 occupancy upon inflammation, or inflammation activates GATA2

and PU.1 to bind and remodel chromatin for signal-dependent transcription factor assembly.
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Figure 1.2: Dual mechanism of inflammation sensing by the hematopoietic progeni-
tor genome. Left, A class of inflammation-activated genes is less accessible in the steady state,
and inflammatory signaling induces hematopoietic transcription factor occupancy to regulate tran-
scriptional responses, which uniquely require IKK S activity. Right, Chromatin in another class of
inflammation-activated genes is accessible in the steady state, hematopoietic transcription factors
pre-occupy chromatin to induce basal transcription, and inflammatory signaling further elevates
transcription.

1.3 Impact of germline genetic variation on genome
sensing of inflammation

Since the context dependence of human pathogenic variants goes beyond the simplistic binary
models of gain-of-function versus loss-of-function consequences, genetic variations of genes
encoding hematopoietic transcription factors exert different influences on how the genome
senses and responds to inflammation. Besides the acquisition of somatic mutations, inflam-
mation triggers a transition from a silent phenotype associated with an initial predisposing
mutation to pathogenic manifestations. This predisposing mutation might induce molecular
alterations with or without functional consequences in the steady state, and such alterations
become pathogenic following aberrant inflammatory signaling. Alternatively, the predispos-

ing mutation is strictly silent without molecular abnormality, and inflammatory signaling
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induces alterations at a measurable level.

The GATA2 mutations provide case studies for how mutations in different anatomical
sites of a gene qualitatively and quantitatively contribute to hematologic malignancy predis-
position, and the differential impact of these mutations on inflammation is beginning to be
tested. GATA2 amino-terminal (N-finger) and carboxy-terminal (C-finger) zinc fingers are
connected by an inter-zinc finger spacer, and each finger utilizes four cysteines for Zn?* bond-
ing to stabilize finger structure (Figure 1.3A). C-finger mediates GATA2 binding to DNA
at the WGATAR motif, and germline variants in C-fingers affect GATA2 chromatin occu-
pancy, constituting GATA2 Deficiency Syndrome [105]. Differing from the T355A mutation,
which is largely inactive, the T354M mutant still retains GATA2 activities at varying levels,
including hematopoietic differentiation and transcriptional regulation [100, . As with
GATA2, T354M suppresses monocytic but promotes granulocytic and eosinophilic differen-
tiation in fetal progenitors [100, |. GATA2 regulates mast-cell-specific genes and primes
mast cell differentiation in progenitors [107]. Although T354M still retains the ability to
regulate a subset of mast-cell-specific genes, T354M fails to induce immunophenotypic mast
cell differentiation in a liquid culture assay [107]. Interestingly, another C-finger mutation,
R362Q, not only regulates T354M-related genes but also induces mast cell differentiation
to a similar level as GATA2 [107]. By contrast, the transcriptional regulation capacity and
differentiation-regulatory activity of R362P are much weaker than those of T354M, and
R362P did not induce mast cell differentiation [107]. A frameshift mutation at R330 in
the GATA3 C-finger (equivalent to GATA2 R362) reduces GATA3 chromatin occupancy
and increases chromatin accessibility at inflammation-activated genes in breast cancer cells
[108]. Expressing GATA3 R330 mutant in GATA3~/~ cells elevates phosphorylation levels
of Serine/Threonine-Protein Kinase TBK1 and IRF3 and generates a transcriptome with
upregulated Interferon-inducible genes [108]. Given the highly conserved structure of GATA
factors, it is interesting to ask if GATA2 R362 mutants might also elevate IFN signaling.
The aa 396-399 fragment RNRK, located in the vicinity of the C-finger, is highly conserved
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among GATA factors and is required for the in vitro DNA binding activity of GATAT1 [109].
Differing from Gata2~/~ embryos [34], homozygous R398W is embryonically lethal after
E14.5 [110]. Compound Gata2%399/~ embryos surpass E10.5, still survive at E12.5, but are
not present after birth, indicating that the defective C-finger mutants contribute to devel-
opment [111]. R396Q murine heterozygosity exhibits elevated long-term (LT-) HSCs and
myeloid-biased MPP1 and MPP2 while reducing short-term (ST-) HSCs in E14.5 fetal liver
and persists to adulthood [111, 112]. Transcriptome analysis reveals that the Gata273%6@/~
LSK population exhibits gene signatures related to elevated inflammatory responses and at-
tenuation of IFN signaling [111]. LPS-induced TLR4 signaling further increases the elevated
Gata2™99/= MPP2 relative to wild type [111]. In wild type, LPS suppresses LT- and ST-
HSC frequencies, but the Gata2%Q/~ CD150M9" LT-HSC and ST-HSC populations are
not responsive or further reduced [111, 112].

A R307W

? 205 319 \ 349 373
G320D 9aa/-lns: LLVAALLAA
B
Gata?
TUWGATAR . [[TCATCTG T AGATAAT TTCC
—77 enhancer E-box GATA Ets

+9.5 enhancer

Figure 1.3: Coding and non-coding GATA2 mutations differentially influence inflam-
matory responses. (A) GATA2 protein sequence depicting amino- and carboxy-terminal zinc
fingers, inter-zinc finger spacer, and their select mutations. (B) Gata2 —77 kb enhancer and +9.5
kb enhancer.

Although the in wvivo function of GATA2 N-finger is not fully understood, the conse-

quences of genetic mutations in the N-finger provide mechanistic insights into how the N-
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finger operates individually or in coordination with the C-finger to mount GATAZ2 activities.
R307W mutant occupies chromatin to a lesser extent compared to GATA2 at GATA2 target
loci, demonstrating that the N-finger stabilizes DNA binding activity of the C-finger [106].
R307W and A318T mutants regulate monopoiesis, granulopoiesis, and eosinophilopoiesis at
similar levels with GATA2, but these N-finger mutants lack mast cell differentiation activity
[107, |. Although the chromatin occupancy is impaired, T354M and R307W mutants
retain the ability to regulate a subset of GATA2 target genes while acquiring ectopic tran-
scriptional activities at loci not normally regulated by GATA2 [107]. While the integrity
of the C-finger structure is essential for GATA2 chromatin occupancy and transcriptional
regulation, the C295A mutant disrupting N-finger integrity still regulates certain but not all
GATA2- and T354M-regulated genes [107]. GATA2 represses the transcription of I7f8, ren-
dering —77~/~ progenitors hyperresponsive to IFN~ signaling [13, 45, 52]. C295A or T354M
mutant retains the transcriptional repression of Irf8, but the dual mutant does not repress
Irf8 [107]. This raises the question whether T354M with a corrupted N-finger will be hyper-
sensitive to IFN+ signaling, as with —77~/~ progenitors. Mutations in the N-terminal (Lp30
loss) and C-terminal (K313KK) sequences of Cebpa, encoding the myeloid transcription fac-
tor CCAAT Enhancer Binding Protein «, cause human and mouse AML [114, 115]. GATA2
N-finger mutation G320D synergizes with compound heterozygous Cebpa mutation to pro-
mote both myeloid and erythroid lineage transformation into Acute Erythroid Leukemia at
an early onset compared to the compound heterozygous Cebpa alone [ 16]. In human biallelic
CEBPA AML patients, additional TET2 mutations downregulate GATA2 and upregulate
multiple inflammatory signaling components, including TLR1, TLRS5, IFNGR1, IFNGR?2,
and IL6ST, resembling the —777/~ model [117]. It is attractive to ascertain how GATAZ2
mutations in CEBPALP3O/K33KK Jeykemic stem and progenitor cells confer sensitivity to
inflammation and how inflammatory signaling influences the dual mutant CEBPA;GATA?2
leukemogenesis.

A newly defined germline genetic variant altering the inter-zinc finger spacer presents a
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unique opportunity to investigate how spatial constraints between GATA2 N- and C-fingers
influence GATA2 activity. This variant involves the insertion of 27 nucleotides into the
GATA2 exon 5 to prolong the distance between two fingers by nine aa (A345delinsALLVAAL-
LAA or 9aa-Ins) [I18]. The 9aa-Ins mutant is largely attenuated in chromatin remodeling
and occupancy yet retains its regulatory role on a minority of GATA2-regulated genes [10].
9aa-Ins is incapable of suppressing the elevated Irf8, [l6st, and Il6ra in a genetic rescue
assay [10], suggesting that 9aa-Ins hematopoietic progenitors may be hyperresponsive to
the corresponding signaling. Varying the insertion length with engineered constructs (2-,
4-, 6-, and 8aa-Ins) reveals that the spacer constraint is more sensitive to activation than
repression, in which insertions > 2aa corrupt GATA2-regulated activation and < 6aa retain
GATA2-regulated repression [16]. Since GATA2 deficiency elevates the activity of PU.1 in
myeloerythroid progenitors [10], it is informative to test whether GATA2-PU.1 antagonistic
interaction tolerates 2, 4, or 6 aa insertion and whether the insertion mutants influence PU.1
chromatin occupancy in response to inflammatory signaling.

The complexity of GATA2 non-coding mutations further expands the predisposition
mechanisms, and enhancer motif-structure—function analyses using a series of mouse mod-
els reveal how a human disease-instigated enhancer influences inflammatory responses. +9.5
enhancer harbors the E-box-spacer-WGATAR composite element and an Ets motif 19 nu-
cleotides away from WGATAR for heptad transcription factors to occupy chromatin and re-
cruit coregulators (Figure 1.3B) [¢4, 119]. Known factors include T-cell Acute Lymphocytic
Leukemia 1 (TAL1) at E-box (CANNTG), GATA2 at WGATAR, and ETS family mem-
bers Friend Leukemia Integration 1 (FLI1) and ERG at Ets motif (GGAW) [79, 80, :

|. Genetic ablation of individual or combinatorial motifs reveals their differential and
synergistic contributions to hematopoiesis and pathogenesis. The loss of composite element
[4+9.5(E-box-spacer-WGATAR) ™/~ or +9.57/~ for short] or E-box and Ets while retain-
ing WGATAR. [+9.5(E-box;Ets)~/~] disrupts AGM HSC emergence and generates embryos

with defective fetal liver hematopoiesis and lethality at E14.5 [30, 37, ]. By contrast, a
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mouse strain defective in one nucleotide of the E-box (CATCTG to GATCTG) and lacking
27 upstream nucleotides survives to adulthood with a minimal phenotype [123]. Since the
DNA-binding affinity to transcription factors may become impaired or unchanged following
a single nucleotide alteration in the binding motif [124], and it is not known if such alteration
influences heptad complex assembly at the +9.5 enhancer, genetic ablation of the entire E-
box while retaining the integrity of WGATAR and Ets may be required to give a definitive
phenotype compared to the described +9.5(E-box)™/~ strain. Genetic ablation of the Ets
motif [+9.5(Ets)™/~] reduces Gata2 expression but does not impact the transcriptome nor
hematopoiesis in steady-state embryos and adults [122]. In contrast to the +9.5(E-box)~/~
model, the deleterious impact of Ets deletion is only revealed under the influence of addi-
tional insults, demonstrating the silent nature of the predisposing mutation. The absence of
+9.5 Ets suppresses Gata2 induction in response to the myeloablation-activated stress using
the chemotherapy drug 5-Fluorouracil (5-FU), rendering bone marrow HSPCs defective in
regeneration capacity with a hyporesponsive transcriptome and prolonging marrow hypocel-
lularity [122]. Systemic 5-FU induces inflammation and cytokine production in multiple
organs [125, |. TLR3-mediated chronic inflammation promotes mortality and hypocel-
lular bone marrow, indicating a bone marrow failure predisposition in the +9.5(Ets)~/~
model relative to wild type [123]. 49.5 Ets deletion therefore establishes a conditionally
pathogenic paradigm in which the variant displays a benign phenotype in the steady state,
and its pathogenicity is only present following a secondary insult, such as inflammation.
An innovative mouse strain, modeling the epigenetic silencing mechanism on one Gata2
allele (E-box-spacer-WGATAR) and Ets motif ablation on the other allele, further reveals
how non-coding GATAZ2 variants influence inflammatory responses. The compound het-
erozygous (CH) mice have a minimal phenotype with modest alterations in steady-state bone
marrow hematopoiesis [123]. Although Gata2 expression is not affected by the compound
variants, 5-FU—induced myeloablation stress abrogates HSPC regeneration and reduces CH

mouse survival to a greater extent relative to +9.57/~ and +9.5(Ets)~/~ models [123]. The
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compound variants render HSPCs non-responsive to acute TLR4 signaling [123]. Despite
normal levels of the Granulocyte Colony-Stimulating Factor (G-CSF) Receptor, CH HSPCs
do not respond to the stem cell mobilizing agents G-CSF, IL8, or Very Late Antigen 4 an-
tagonist, save Plerixafor [123, |. These selective defects demonstrate the complexity of
enhancer variations in regulating inflammatory and cytokine signaling.

Following GATA2 germline variants, other predisposing mutations might directly induce
transcriptome alteration with an inflammatory signature or synergize with pre-existing in-
flammatory aberrations to develop hematologic malignancies. An example is the ETS Vari-
ant 6 (ETV6), whose hereditary mutations predispose patients to thrombocytopenia and
lymphoblastic leukemia [1258-130]. In a murine Etv675X/* strain to model human R359X
heterozygosity in Thrombocytopenia 5 disorder, the HSPC composition in steady-state bone
marrow exhibits minimal deviation, but R355X heterozygosity reduces B-cell/myeloid en-
graftment and abrogates tertiary reconstitution capacity in serial transplantation assays
[131]. ETV6 preoccupies chromatin of inflammation-activated loci, including Tnf, Ccl3, 1110,
Tlr4, and Myd88, and R355X heterozygosity reduces ETV6 occupancy at ~800 loci [131].
Under regeneration-induced stress, such as transplantation, R355X heterozygosity elevates
inflammatory gene expression transcriptome-wide and TNF production relative to wild-type
HSPCs [131]. However, whether this aberrant TNF signaling drives leukemogenesis is not
yet determined. Another example is the RUNXI1 frameshift mutant S291fsX300. As mi-
croRNA miR-146a is a negative regulator of TRAF6 and RIPK2 signaling, genetic ablation
of miR-146a models a persistent inflammatory condition [132, ]. RUNX1 5291£sX300
mutant alters the transcriptome of miR-146a~/~ HSPCs and upregulates innate immune
machinery genes, including Tir1, Tlr7, and Tir13 [134]. This cooperative activity exagger-
ates the aberrant inflammatory phenotype to promote HSPC expansion, MDS, and bone

marrow failure, which progress to AML in subsequent transplanted murine recipients.
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1.4 Impact of somatic variation on genome sensing of
inflammation

Aging-associated spontaneous mutations in epigenetic regulator genes, most frequently DNM-
T3A, TET2, and AXSL1, drive progressive clonal hematopoiesis and are associated with in-
creased risk of hematologic malignancies and cardiovascular diseases [29-31]. DNA Methyl-
transferase 3A (DNMT3A) is a member of the DNA Methyltransferase family, which cat-
alyzes the addition of a methyl group to the 5’ position of the Cytosine in the CpG din-
ucleotide [135, 130]. By contrast, Ten-Eleven Translocation 2 (TET2) is responsible for
the conversion of 5’-Methylcytosine to 5’-Hydroxymethylcytosine that can be further oxi-
dized and excised to become unmethylated Cytosine [137, 138]. TET2-mediated enhancer
demethylation facilitates chromatin accessibility and promotes gene expression [139, ].
DNMT3A mutations cause DNA hypomethylation genome-wide, while the active euchro-
matic compartment of the TET2-deficient genome is DNA hypermethylated [111-143]. Al-
though these two DNA methylation machineries have opposing activities, murine models
reveal similar biological consequences of their deficiency, including clonal expansion and
predisposition to myeloid/lymphoid malignancies [144-150]. Interestingly, Tet2~/~ HSPCs

R882H myutant or dual ablation of Tet2 and Dnmt3a in a mouse model

expressing DnmtS3a
reveal cooperative activities of these two molecules to amplify HSPC expansion, drive
leukemia/lymphoma, and reduce survival [151, |. TET2 is required for DNMT3A lo-
calization in the heterochromatin compartment [143]. Therefore, a combinatorial deficiency
promotes heterochromatic DNA hypomethylation but euchromatic DNA hypermethylation
[143]. Additional Sex Comb-Like 1 (ASXL1) is a member of the Enhancers of Trithorax
and Polycomb, and it interacts with BRCA1 Associated Protein 1 to form Polycomb Re-
pressive Deubiquitinase Complex, which removes monoubiquitin from H2AK119Ub [153].

In the Aszll*™/* mouse strain, G646fs heterozygosity reduces heterochromatic H3K9me2

and H3K9me3 and euchromatic H2AK119Ub deposition to modulate gene expression [15].
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These data support a model in which DNMT3A, TET2, and ASXL1 promote chromatin
integrity, and their clonal hematopoiesis-associated mutations derepress the expression of
heterochromatic genes, including transposable elements and genes related to inflammation
[154].

Since these chromatin regulators are important for transcription, their mutations might
rewire the HSPC transcriptome, deviating the expression of genes encoding receptors and
inflammatory mediators as a mechanism to sense and respond to inflammation. Alpha Ki-
nase 1 (ALPK1) is a cytosolic pattern recognition receptor that recognizes the presence
of ADP-D-glycero-/3-D-manno-heptose (ADP-heptose), a soluble LPS intermediate released
by Gram-negative bacteria and circulated in the blood system of older individuals [155,

|. DNMT3A deficiency or heterozygous R878H mutant upregulates ALPK1 expression,
rendering mutant HSCs hypersensitive to APD-heptose signaling to promote pre-leukemic
stem /progenitor cell expansion as a mechanism for clonal hematopoiesis [156]. In NOD SCID
Gamma mice with fatty bone marrow to model age-related accumulation of adipocytes, hu-
man HSPCs carrying DNMT3A R882H mutant exhibit an inflammatory transcriptome and
elevated IL6 production [157]. Neutralizing IL6 with antibodies reduces clonal expansion to
levels similar to normal bone marrow [157]. Similarly, a high-fat diet induces macrophage
infiltration in the adipose tissue and plasma IL6 elevation after long-term Dnmt3a™*/~ HSPC
transplantation [158]. Genetic ablation of Tet2 upregulates multiple components of inflam-
matory signaling in HSPCs, including Tlr4, Nfkbiz, Stat3, and II6, rendering Tet2~/~ mice
hyperresponsive to LPS stimulation with elevated serum cytokine/chemokine production,
including IL6 [159]. TLRA4 signaling activates phospho-STAT3 and upregulates IncRNA
Morrbid to promote a pro-survival gene expression program and confer Tet2~/~ HSPCs
competitive advantages in clonal expansion and reconstitution capacity [159]. Under a dif-
ferent secondary insult, such as genetically induced hyperglycemia stress by an Insulin point
mutation ([ns?"‘kim/ *), the proinflammatory transcriptome established by Tet2 heterozy-

gosity is amplified to promote myelopoiesis and MPN/AML-like phenotypes [160]. Genetic
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deletion of one Morrbid allele alleviates inflammatory responses and attenuates the prolifer-
ation advantage of Tet2*/~ HSPCs to physiological levels [159, ]. The elevated inflam-
matory transcriptome and aberrant myelopoiesis in compound Tet2/~:Ins24¥/+ model
are associated with Spi! upregulation and Gata2 downregulation [160]. In bone marrow
dendritic cells and macrophages, the transcription factor IkB(, encoded by Nfkbiz, medi-
ates TET2 interaction with the Il6 promoter, and TET2 recruits Histone Deacetylase 2 to
repress 116 transcription in response to TLR4 signaling [161]. These data might provide a
mechanistic explanation for the elevated IL6 production in clonal hematopoiesis models of

TET2 deficiency.
1.5 Conclusions and general principles

Mounting of experimental evidence establishes models for understanding inflammation sens-
ing in the genome. The hematopoietic genome controls the expression of signaling devices
and inflammatory mediators essential for sensing and responding to inflammation (Figure
1.4A). Imbalance in transcription factor levels/activities by genetic variations disrupts the
stem and progenitor genetic network, elevating or reducing the expression of the signaling
machinery and altering the cellular sensitivity and fate potential in response to inflammatory
signaling (Figure 1.4B). Beyond the paradigm of canonical signal-dependent transcription
factors, emerging data demonstrate that inflammation influences the activity of hematopoi-
etic transcription factors, e.g., GATA2 and PU.1, at chromatin or post-chromatin processes
[45]. GATA2 and PU.1 chromatin occupancy parses inflammation-activated genes into two
classes with different signaling requirements. In one class, genes are preoccupied by GATA2
and PU.1 and transcribed in the basal state, and inflammation elevates transcription. In
another class, GATA2 and PU.1 only occupy chromatin upon signaling, and transcription
is uniquely sensitive to IKK/S inhibition. Since the promoters and introns of inflammation-
activated genes harbor motifs for many transcription factors not known to be linked to

signaling, this dual mechanism raises the question of whether other lineage-determining
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transcription factors important for development are also responsive to inflammation in a
similar fashion. A CRISPR screening strategy coupled with an inflammation-sensitive assay
will be instructive to evaluate which developmental regulators are inflammation activators
Or Tepressors.

Besides germline variants, somatic mutations that arise during aging in genes encoding
chromatin regulators provide a mechanistic depth for genome function to sense and respond
to inflammation. While mutations in transcription factors might expel factors from a subset
of their target loci, induce ectopic activity to regulate genes not normally regulated, or be
largely inactive, chromatin-regulator mutations influence the epigenetic layer by methylat-
ing or demethylating enhancers and promoters or derepressing heterochromatin to modu-
late the transcriptional activity of genes related to inflammation. Together, dysregulated
inflammatory signaling and/or additional mutations trigger leukemia-predisposed HSPCs to
hematologic malignancies.

New generation sequencing technologies and large-scale population surveys enable the
identification of new genetic variants in human diseases, but laborious efforts are required
to understand the functional consequences of the expanding variant repertoire. Innovative
animal models and rigorous biochemical and genetic assays provide an essential toolbox to
dissect the mechanisms underlying predisposition and/or pathogenicity of genetic variants.
The integration of inflammation and collaborating mutations as secondary triggers to drive
pathogenesis nominates inflammation as an important activity metric to quantify the severity

of genetic variants to inform clinical assessments.
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Figure 1.4: Genetic and epigenetic mechanisms governing inflammation sensing. (A)
Transcription factors and chromatin remodelers regulate the expression of signaling machineries
(receptors, adapters, and transducers) and inflammatory mediators (cytokines and chemokines)
to sense and respond to inflammation. The inflammatory signaling feeds back to transcription
factors and chromatin remodelers to regulate their genome function. (B) The balanced activities
of hematopoietic activators and repressors establish and maintain physiological homeostasis, and
genetic perturbations affecting factor concentration/activity disrupt transcriptional responses to
inflammatory signaling.
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2.1 Experimental models and subject details

2.1.1 Mouse models and husbandry

The generation of Gata2 —77~/~ mice was previously described [38]. Myd(%’*/ ~ mice were
purchased from Jackson Laboratory (009088). These mice were crossed to generate Gata2
—7TH = Myd&S’_/ ~ mice for timed matings. The animal protocol was approved by the Insti-
tutional Animal Care and Use Committee at the University of Wisconsin-Madison with the
approval number M005602, following regulations from the Association for Assessment and
Accreditation of Laboratory Animal Care International. Timed matings were performed
using 8-18 week-old female mice. Embryos were genotyped as described in the Genotype

Analysis section.

2.1.2 Cultured cells

hi—77+/* (wild-type), hi—777/= (GATA2!"), and hi—77~/~;Spi1 URE~/~ (GATA2wPU.1lv)
progenitor lines were previously generated and described [13, 46]. hi—77~/~;Runz1 =/~
(GATA2P*RUNX1™) and hi-Runz!~/~ (RUNX1™) progenitor lines were generated in
this study by Dr. Koichi R. Katsumura using CRISP/Cas9 gene editing tool. hi-cells were
cultured in OPTI-MEM (31985-070; Fisher Scientific) supplemented with 10% Fetal Bovine
Serum [(FBS) 100-106; GeminiBio], 1% Penicillin-Streptomycin (SV30079.01; Cytiva), 1%
Stem Cell Factor (SCF)-conditioned medium, 30 uM 2-Mercaptoethanol (M3148; Sigma-
Aldrich), 1 uM p-Estradiol, and 500 pg/mL G418 (400-111P-001; Gemini Bio).

2.2 Method detalils

2.2.1 Primary fetal progenitor cell isolation

The protocol was described previously [162]. Gata2 —77*/~ and Gata2 —77%/~;Myd88~—/~

male and female mice were subjected to timed-matings, and the day in which the vaginal
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plug was detected was day 0.5. Pregnant females were euthanized with CO, on day 14.5,
and the embryos were placed into Iscove’s Modified Dulbecco’s Medium (IMDM, Life Tech-
nologies) containing 10% FBS. Fetal tail clips were used for genotyping. The fetal livers
were harvested, and lineage depletion was conducted with Biotinylated antibodies (CD3e,
CD11b, CD19, CD45R, GR-1, CD71, and Ter119) and MojoSort Streptavidin Nanobeads
(BioLegend). The lineage-negative (Lin~) progenitors were maintained in IMDM containing
20% FBS, 4% SCF-conditioned medium, 4% IL3-conditioned medium, and 1% Penicillin-
Streptomycin. For cellular response analysis, 100,000 primary E14.5 Lin~ progenitor cells
were treated with Phosphate-Buffered Saline (PBS) containing 0.1% Bovine Serum Albumin
[(vehicle) A30075; Research Products International], 100 ng/mL TLR1/2 agonist Pam3CSKy
(tlrl-pms; InvivoGen), 10 ng/mL TLR2/6 agonist Pam,CSK, (tlrl-pm2s-1; InvivoGen), 100
ng/mL TLR4 agonist Lipopolysaccharide LPS (L2630; Sigma-Aldrich), or 1 ng/mL mouse
Interferon-gamma (IFN~) (315-05-100UG; PeproTech) for 4 h. Cells were harvested for

mRNA isolation.

2.2.2 Genotype analysis

Harvest a small piece of the tail tip (~5—10 mm) at weaning, half of a fetal tail during embryo
harvest, or a million cells into an Eppendorf tube. Added 600 pL Lysis Solution [containing 4
mL of 1 M Tris-HCI (pH 8.0), 6 mL of 5 M NaCl, 40 mL of 0.5 M Ethylenediaminetetraacetic
Acid (EDTA), and 20 mL of 10% Sodium Dodecyl Sulfate (SDS) in a final volume of 200 mL)
and 3 pL of 20 mg/mL Proteinase K (8107S; New England Biolabs) and incubated overnight
or until dissolved at 55°C. Let the tube cool to room temperature, then added 200 uL Protein
Precipitation Solution (A7953; Promega). Vortexed for ~20 s then centrifuged at 15,000
rpm for 3 min. Transfered ~600 pl of the supernatant to a clean tube. Added of 100%
Isopropanol, and gently inverted the tube ~50 times to precipitate the DNA. Centrifuged
at 15,000 rpm for 3 min, then poured off the supernatant. Washed the pellet with 200 uL

of 70% Ethanol and inverted 5 times. Centrifuged at 15,000 rpm for 3 min, then discarded



28

the supernatant with a 200 uL pipette tip. Air dried the DNA pellet for 5-10 min, then
dissolved the pellet in 100 pL water or TE Buffer. Incubated for 10 min at 55°C to ensure
the DNA pellet was solubilized. For PCR reaction, prepared a master mix as in Table 2.1.
The primers were provided in Table 2.2. Transfered 49 pL of master mix into a PCR tube
and added 1 puL of genomic DNA. Conducted the PCR reaction with a thermocycler. Load
10 pL of the PCR product on a 1% Agarose gel containing 5% of Ethidium Bromide (10
mg/mL) and ran the gel at ~105 V and 75-88 mA for 30-45 min. Gata?2 —77 primer set
would give a 350 bp wild-type band and a 195 bp mutant band. Myd88 primer set would

give a 266 bp wild-type band and ~520 bp mutant band.

n=1 n=1

Reagent (Gata2 —77 enhancer | (Myd88)
or Runzl)

5X GoTaq Buffer 10 pL 10 pL
10 mM dNTPs 1 pL 1 pl
Primers 2 pL 3 uL
Water 35.75 pL 34.75 pL
Taq DNA Polymerase 0.25 pL 0.25 pL

Table 2.1: PCR reaction for mouse genotype analysis

Primer Forward (5’>3’) Reverse (5’>3’)
Gata2 —77 | GGTATGTCGTGGGAGGCTGTTGA | GTTCTGCCCACCGCACAGCA
Myd88 wild-type:
GTTGTGTGTGTCCGACCGT GTCAGAAACAACCACCACCATGC
mutant:
CCACCCTTGATGACCCCCTA
Runx1 CTTCCTCTGCTCCGTGCTAC GTTTTCATCGTTGCCTGCCA

Table 2.2: Primers for genotype analysis

2.2.3 CRISPR/Cas9 gene editing

Guide sequences were designed by Integrated DNA Technologies (IDT) tools (idtdna.com).
100 pmol of CRISPR RNAs [(crRNAs), IDT] were mixed with 200 pmol of trans-activating
CRISPR RNA [(tractRNA), IDT] and incubated at 37°C for 30 min. Eight pg of Cas9
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(Aldevron) was added to the mixture and incubated at 37°C for 15 min. 2 x 10° hi—77
cells were resuspended in 20 puL of P3 Buffer with 22% Supplement (Lonza) and added
to the RNP Complex. Electroporation was performed using the EO-100 program on a
Nucleofector 4D (Lonza). After 72 h, cells were seeded into 96-well plates (0.5 cell/well),
cultured, and transferred to 24-well plates. Clones were genotyped using a PCR assay. For
homozygous mutant clones, the genomic DNA fragment including the deleted sequence was
amplified by GoTaq DNA polymerase, cloned into the pBluescript vector, and sequenced.
hi—77~/~:Runz1~/~ and hi- Runz1~/~ progenitor lines were genotyped using the primer set

provided in Table 2.2.

2.2.4 Cellular response analysis

For gene expression kinetics, 50,000 hi—77%/* and hi—77/~ cells were cultured in com-
plete media containing [S-Estradiol and G418, and cells were split every 2 days. Cells were
harvested at days 2, 4, 6, 12, and 18 for mRNA isolation and protein analysis. To in-
duce differentiation, cells were cultured in media without [-Estradiol and G418 for 2 days.
The undifferentiated and differentiated cells were treated with vehicle, IFN~y, Pam3zCSKy,
PamyCSKy, or their combinations for 4 h. For antagonizing NF-xB signaling, cells were pre-
treated with increasing concentrations of IKK /S inhibitors before being stimulated with both
IFNvy and PamzCSK, for 4 h. IKKf inhibitors are from Selleck Chemicals: BMS-345541
(S8044) or a gift from Dr. Shigeki Miyamoto (UW-Madison): IKK16 (S2882). For antag-
onizing JAK1/2 signaling, cells were pretreated with increasing concentrations of JAK1/2

inhibitor Ruxolitinib before being stimulated with both IFN~ and Pam3;CSK}, for 4 h.

2.2.5 Gene expression analysis

The protocol was previously described [13]. Cells were harvested and centrifuged at 2,500
rpm for 5 min at 4°C to remove the supernatant. Cell pellets were dissociated in 50 uL
residual supernatant before adding 1 mL TRIzol (15596026; Invitrogen). For a low num-

ber of cells (e.g., 20,000), cells were kept overnight in the cold room to facilitate TRIzol
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digestion. Otherwise, cells were incubated in TRIzol for 10-15 min at room temperature.
Added 250 pul. Chloroform and shook the tube vigorously for about 15 s. Let the tube sit at
room temperature for 5 min. Centrifuged at 14,500 rpm for 15 min. During centrifugation,
prepared new 1.5 uL. Eppendorf tubes and added 500 uL Isopropanol. After centrifugation,
the mixture would form three layers: Top: clear, aqueous; Middle/interphase: white precip-
itated DNA; Bottom: pink organic phase. Carefully transfered the top aqueous phase using
a p200 pipette into the labeled Eppendorf tube. Added 1.5 uLi Linear Acrylamide, inverted
tubes to mix, and let tubes sit at room temperature for 5-10 min. Centrifuged at 14,500
rpm for 10 min. Poured off Isopropanol and added 1 pL 75% Ethanol. Mixed gently and
centrifuged at 10,00 rpm for 5 min. Pulled off the wash with p1000 pipette. Performed a
quick spin to bring residual wash to the bottom of the tube and removed with p10 pipette.
Air dried the RNA pellet for 5 min. Added approximately 15-25 uL (depending on the size
of the pellet) of either sterilized TE Buffer or autoclaved water to dissolve the RNA pellet.
RNA concentration was measured using a Nanodrop. The 260/280 ratio should be greater
than 1.8 for high quality RNA samples.

To prepare complementary DNA (cDNA), transfered 500 - 1,000 ng of RNA (final vol-
ume of 6 pL) into a PCR tube and digested contaminated genomic DNA with 1 uI. DNase I
(18068015; Invitrogen) and 1 ul. DNAase Buffer for 15 min at room temperature. DNase I
was deactivated with 1 uL EDTA at 65°C for 10 min. Added 1.5 uL of the primer cocktail
[prepared with 10 pL. Random Hexamer (C1181; Promega) and 40 uL Oligo dT primer in a
final volume of 100 pL] into the 9 uL of DNA-digested RNA above and heated at 638°C for 10
min using a thermocycler. Added 9.5 uL of a master mix [containing 4 uL 5X First Strand
Buffer, 2 L 0.1 M Dithiothreitol DTT, 1 ul. Deoxynucleoside Triphosphates ANTP, 0.5 uL
RNasin Ribonuclease Inhibitor (N2611; Promega), and 0.25 pl. MMLV Reverse Transcrip-
tase (18080093; Invitrogen) per reaction] to the RNA /primer coctail mixture. Included a
no-Reverse Transcriptase control using a random sample. Incubated at 42°C for 1 h. Heated

at 95°C for 5 min. Increased the final volume to 100 uL with autoclaved water.
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Primer Forward (5’>3’) Reverse (5’>3)

Gata?2 mRNA | GCAGAGAAGCAAGGCTCGC CAGTTGACACACTCCCGGC
Irf8§ mRNA TGCCACTGGTGACCGGATAT GCCCCCGTAGTAGAAGCTGA
Spil mRNA AGCTCAGCTGGATGTTACAG TCGTAAGTAACCAAGTCATCCG
Runxl mRNA | TCACTGGCGCTGCAACAA TCTGCCGAGTAGTTTTCATCGTT

Tlri mRNA AGCATTGCCACATGGGTATAG GTTTGTGAATGCAGTTGGTGAA
Tlr2 mRNA TCGTAGCATCCTCTGAGATTTG | TCTCTGGAGCATCCGAATTG

Tlrj mRNA CTCCTGGCTAGGACTCTGAT CTGATCCATGCATTGGTAGGT
Tlr6 mRNA TCTTGGCTCATGTTGCAGAG GTACCGTCAGTGCTGGAAATAG
Tnf mRNA CAGCTGCTCCTCCACTTG CAAATGGCCTCCCTCTCATC
Czcll0 mRNA | TCAGACATCTCTGCTCATCATTC | TCATCCCTGCGAGCCTAT
Cd40 mRNA GGGCTGCTTGTTGACAG TGGCCATCGTGGAGGTA

Gbp2 mRNA GCAGCACCTTCATCTACAACA GTCAGGTGATGACTTTGACTTGATA
Gbp5 mRNA CGTTCAAGGATGAGGGTGAAT AGCATCCGCGTTCTTCTTAC

Gbp6 mRNA TTCCACAAGGCAAATGGGA GCTGAGAACTGCACTTGGA

Gbp7 mRNA GCAGCAGCAAGCCTAAAG CTCCATGTTGGGACCAGAT

Ifi204 mRNA | CCACCACTTCTATGCTTCCTG CTTCTGGAGCAGTGTTCTATGG
TIigpl mRNA TATTCCTCTCAGGAGCAGTGAG | GAACAGCTGACCCATGACTT

Ccl3 mRNA GTGGAATCTTCCGGCTGTAG CTTCTCTGTACCATGACACTCTG
Cely mRNA TTCTGTGCTCCAGGGTTCTC GCTGCCGGGAGGTGTAA

Cel5 mRNA CACACTTGGCGGTTCCTT CGTCAAGGAGTATTTCTACACCAG
Cd69 mRNA TTGTGGTTCACGGACACG GACATGGAAATGGGCAAATGG
Cmpk2 mRNA | TGCCATTGAAGGACTGGATG GGCGACTGTAGGAGGACA

Stat] mRNA GGCCCAGTGGCTGGAAA CTGTGAGAGGAGGTCATGGAAG
185 rRNA CGCCGCTAGAGGTGAAATTCT CGAACCTCCGACTTTCGTTCT

Table 2.3: Primers for mouse RT-qPCR analysis

The ¢cDNA was analyzed for genes of interest by Quantitative Real Time Polymerase
Chain Reaction (RT-qPCR) using a ViiA 7 Real-Time PCR cycler. For a 20 uL reaction,
used 1.5 uli ¢cDNA with 7.7 uL. Power SYBR Green PCR Master Mix (4367659; Applied
Biosystems) and 0.8 uL primer solution (prepared by 10 uL of 100 uM Forward and 100
uM Reverse in 180 pl. water). Quantities were determined using a standard curve and

normalized to 18S rRNA control. Primer sequences were provided in Table 2.3.

2.2.6 Western blot analysis

Cells (1 x 10°/condition) were harvested by centrifuging at 2,500 rpm for 5 min at 4°C and

washing with 1 mL of ice-cold PBS. Cell pellets were resuspended in 50 ul. of ice-cold PBS
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and 50 pL of 2X SDS Sample Buffer (0.378 g Tris, 1 g SDS, 10 mg Bromophenol Blue, 5
mL Glycerol, and 2.5 mL [-Mercaptoethanol in 20 mL autoclaved water; adjusted pH to
6.8 with HC1 and added water to a final volume of 25 mL) and boiled for 10 min at 95°C.
Prepared 2 mini gels using 15 mL 8% Resolving gel [6 mL water, 3 mL 40% Acrylamide and
Bis-Acrylamide solution (1610144; Bio-Rad), 5.7 mL 1 M Tris pH 8.8, 150 uL 10% SDS,
150 pL 10% Ammonium Persulfate (APS), and 15 yL. TEMED (1610800; Bio-Rad)] and 5
mL 4% Stacking gel (3.7 mL water, 500 pL 40% Acrylamide and Bis-Acrylamide solution,
630 pL 1 M Tris pH 6.8, 50 pL 10% SDS, 50 pL 10% APS, and 7.5 uL. TEMED). Used 1
mL Isopropanol to straighten the top border when making Resolving gel, and washed away
Isopropanol with water before pouring Stacking gel. Allowed ~30 min to polymerize each
gel.

Cells (100,000 per condition) were analyzed on 8% Resolving gels by SDS Polyacrylamide
Gel Electrophoresis with 1X SDS Running Buffer (prepared 10X solution with 30.3 g Tris,
144.2 g Glycine, and 10 g SDS in a final volume of 1 L, pH 8.1-8.8). Ran the gel for 30 min
at 20 mA through the Stacking gel and for ~2—2.5 h at 25 mA through the Resolving gel.
Proteins were transferred to Polyvinylidene Difluoride PVDF membranes with 1X Transfer
Buffer (prepared 10X solution with 30.3 g Tris and 144.2 g Glycine in a final volume of 1 L,
pH 8.1-8.8) containing 20% Methanol at 200 V for 1 h. Used ice to cool the heat during the
transfer. The membranes were blocked with 5% milk in Tris-Buffered Saline with Polysorbate
(Tween) 20 and incubated with primary antibodies overnight with agitation in the cold room.
GATA2 antibody was described previously [163]. The following antibodies were from Cell
Signaling: p-STAT1 (9167), STAT1 (14995), p-STAT3 (9145), STAT3 (12640), p-ERK1/2
(9101), ERK1/2 (9102), p-p38 (9216), p38 (8690), p-JNK (9255), JNK (9252), PU.1 (2258),
a-Tubulin (3873), and §-Actin (3700). RUNX1 (sc-365644) antibody was from Santa Cruz
Biotechnology. Secondary antibodies were from Jackson Laboratory. Proteins were detected
and quantified with Chemiluminescence (West Femto, 34094; Thermo Fisher) using LI-COR

imaging instrument, and densitometry analysis was performed with Image Studio.
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2.2.7 Cytokine/chemokine protein quantification

200,000 undifferentiated or 2-day differentiated hi—77t/* or hi—77-/~ cells were treated
with IFN~, Pam3CSK,, Pam;CSK,, or combinations with IFN~ for 4 h. Supernatants were
collected for TNFa, CCL3, CCL4, and CCL5 protein analysis using mouse 4 plex (Millipore,
MCYTOMAG-70K-04) for Millipore Luminex 2000.

2.2.8 GATA2 rescue and signaling analyses

GATAZ2 deficiency in hi—77-/~ progenitors was rescued by infection with GATA2-expressing
retrovirus as described. Murine Gata2 ¢cDNA and Murine Stem Cell Virus plasmid pMSCV
were packaged in HEK293T cells. 24 h and 48 h post-transfection, the retrovirus-containing
supernatant was harvested and stored at -80°C. GATAZ2 retrovirus was spinoculated with
hi—77-/~ progenitors for 90 min at 2,800 rpm at 30°C. Cells were expanded in OPTI-MEM
containing 10% FBS, 1% Penicillin-Streptomycin, 1% SCF-conditioned medium, 30 pM 2-
Mercaptoethanol, and 1 M S-Estradiol for 24 h. Infected cells were selected with Puromycin
at a final concentration of 2 pug/mL for 48 h. Cells were counted, and 50,000-100,000 cells
were treated with different concentrations of PamsCSK, for 4 h. Cells were harvested for
RNA isolation and RT-qPCR analysis. For signaling rescue analysis, 200,000-500,000 cells
were treated with IFNv and PamzCSK,y for 1 h. Cells were harvested for Western blot

analysis.

2.2.9 Flow cytometry and cell sorting

The cellular composition of E14.5 fetal liver was quantified using Attune (Thermo Fisher
Scientific) flow cytometers, and Common Myeloid Progenitors and Granulocyte Monocyte
Progenitors were sorted using FACSAria (BD Biosciences) as previously described. Un-
less specified, most antibodies were from BioLegend. Fluorescein Isothiocyanate-conjugated
B220 (103206), TER-119 (116206), CD3 (100306), CD5 (11-0193-85; Thermo Fisher Sci-
entific), CD11b (101206), CD11c (117306), CD49b (108906), Ly6G (127606), and Scal
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(108106) antibodies were used for lineage exclusion. Other antibodies were Blue Vio-

let (BV) 605-conjugated CD16/CD32 (563006; BD Biosciences), BV711-conjugated Ly6C
(128017), Phycoerythrin-conjugated CD115 (135506), eFluor 660-conjugated CD34 (50-
0341; Thermo Fisher Scientific), Peridinin Chlorophyll-efluor710-conjugated CD135 (461351;
Thermo Fisher Scientific), and Phycoerythrin-Cy7-conjugated cKit (105814). Cells were
washed with ice-cold PBS containing 10% FBS and resuspended in 49,6-diamidino-2-phenylindole
(DAPI, 100 ng/mL) buffer for live-dead detection.

2.2.10 RNA-sequencing

Two RNA-seq experiments were conducted in this study. In the first experiment (GSE218445),
hi—77+/* and hi—77~/~ cells were treated with vehicle, IFN~, Pam3;CSKy, or both agonists
for 4 h. In the second experiment (GSE279155), hi—77~/~ and hi—77~/~;Spil URE~/~ cells
were treated with vehicle, IFNv, Pam3;CSKy, or both agonists for 4 h; hi—77"/* cells were
treated with vehicle or both agents (n = 4 independent treatments). RNA was isolated using
TRIzol and purified using RNeasy MinElute Cleanup Kit (74204; Qiagen). The RNA library
was prepared with Illumina TruSeq Stranded Total RNA (rRNA reduction) and sequenced

using [llumina NovaSeq 6000 by the UW-Madison Gene Expression Center. Read alignment

was performed by STAR (version 2.5.2b) [161] to the mouse genome (version mm10). Gene
expression levels were quantified by RSEM (version 1.3.0) [165] and differential expression
was determined with edgeR (version 3.36.0) [166]. A Differentially Expressed Gene (DEG)

was defined as having |logs( fold change)| > 1, adjusted P < 0.05, and Transcripts per Mil-
lion (TPM) > 1 in all the replicates in at least one of the two conditions. DEGs were divided
into activated, which had higher expression in the numerator condition than in the denomi-
nator condition, and repressed, which had lower expression in the numerator condition than
in the denominator condition. Kyoto Encyclopedia of Genes and Genomes (KEGG) terms
were determined with kegga function from limma (version 3.50.1) [167]. Motif analysis was

conducted with AME from MEME (version 5.3.3) [L68] on proximal promoters and introns
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of DEGs. The proximal promoters were defined as from 1 kb upstream of the Transcription
Start Site (TSS) to 100 bp downstream of the T'SS. The proximal promoters and introns of
protein-coding or lincRNA-expressing genes on chromosomes 1-19, X, or Y, were analyzed.

Chromosome M was excluded.

2.2.11 Cleavage under target and tagmentation (CUT&Tag)

CUT&Tag was conducted as previously described [169—-171].

Day 1: Concanavalin A magnetic beads (BP531; Bangs Laboratories) were activated by
washing twice in Binding Buffer (20 mM HEPES pH 7.9, 10 mM KCI, 1 mM CaCl,, 1 mM
MnCly, and 0.1% BSA). Before CUT&Tag, hi—77+/* hi—77~/~, and hi—77~/~;Spit URE~/~
were treated with vehicle or IFN~-PamzCSK, combination for 4 h. hi-cells were gently
crosslinked with 0.1% Formaldehyde for 2 min and quenched with 75 mM Glycine. Cells
were washed twice in 1.5 mL of Wash Buffer (20 mM HEPES pH 7.5, 150 mM NaCl, 0.83
mM Spermidine, 0.1% BSA, and one Roche Complete Protease Inhibitor EDTA-free tablet)
and resuspended in 1 mL. Wash Buffer. For 4 antibodies, 600,000 cells in 1 mL final volume
of Wash Buffer were mixed with 40 L activated bead suspension and rotated for 30 min at
room temperature. On a magnetic rack, wash buffer was replaced with 600 uL of Antibody
Buffer (Wash Buffer plus 0.1 ug/mL Digitonin and 2 mM EDTA), and aliquoted into 4
tubes (150 uL each). 1.2 pg affinity-purified rabbit polyclonal anti-GATA2 antibody [21,

|, 1.2 pg anti-PU.1 mouse antibody (sc-390405; Santa Cruz), 1 pug H3K4me3 rabbit anti-
body (ab213224; Abcam), or 1 ug rabbit IgG isotype-matched control (10500C; Invitrogen)
was added to each tube. Tubes were rotated overnight at 4°C on a nutator.

Day 2: After a quick spin, tubes were replaced on a magnetic stand, and Antibody
Buffer was replaced with 150 L Dig-Wash Buffer (Wash Buffer plus 0.1 pg/mL Digitonin)
containing secondary antibody (1:100 dilution) for either rabbit or mouse antibody. After
an hour on the nutator at room temperature, cells were washed three times with Dig-Wash

Buffer. Resuspended cells in 150 pl. Dig-300 Buffer (20 mM HEPES pH 7.5, 300 mM



36

NaCl, 0.83 mM Spermidine, 0.1 pug/mL Digitonin, 0.1% BSA, and one Roche Complete
Protease Inhibitor EDTA-free tablet) containing pA-Tnb pre-loaded with MEDS adapters
(1:250 dilution). After nutating at room temperature for 1 h, cells were washed three times
with Dig-300 Buffer. 300 uL. Tagmentation Buffer (Dig-300 Wash plus 10 mM MgCl,) was
added, and cells were nutated at 37°C for 1 h. Cells were isolated by centrifugation, and 10
1L 0.5 M EDTA was added to stop tagmentation, followed by the addition of 3 L 10% SDS
and 3 pL Proteinase K [(20 mg/mL) P8107S; New England Biolabs]. Cells were incubated
at 37°C overnight on a thermomixer at 600 rpm.

Day 3: DNA was purified by either Phenol-Chloroform extraction followed by Ethanol
precipitation or spin columns. The following will describe spin column method using DNA
Purification Buffers and Spin Columns (ChIP, CUT&RUN, CUT&Tag) kit (14209; Cell
Signaling) according to the manufacturer’s protocol with modifications. After overnigh
incubation, centrifuged tubes at room temperature for 2 min at 15,000 g and placed tubes
on the magnetic rack for 30 s to 2 min. Transfered the supernatant (containing CUT&Tag
DNA fragments) to new 2 mL tubes. The volume of the supernatant was 316 L (= 300
L Tagmentation Buffer + 10 u. EDTA + 3 pl SDS + 3 uL. Proteinase K). At this point,
samples could be stored at —20°C for up to a week. If doing so, samples need to be warmed
to room temperature before DNA purification. Added DNA Binding Buffer with a volume
five times the volume of the sample (in this case, 1580 pL). Inverted a few times to mix.
Transfered 600 uL of each sample to a DNA spin column in a collection tube. Centrifuged
at 15,000 g in a microcentrifuge for 30 s. Detached the spin column from the collection
tube and discarded the liquid. Put the spin column back into the empty collection tube.
Transfered the same amount of each sample and spin again until the entire sample had been
spun through the spin column. Added 750 pL of DNA Wash Buffer to the spin column in
the collection tube. Centrifuged at 15,000 g for 30 s. Discarded the liquid. Centrifuged at
15,000 g for 30 s to dry the column. Discarded the collection tube and liquid. Placed the

spin column in a 1.5 mL clean Eppendorf tube. Added 30 uL. of DNA Elution Buffer to the
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center of the column. Centrifuged at 15,000 g for 30 s to elute DNA. Discarded the spin
column. Samples could be stored at —20°C for up to 6 months.

Library preparation: To determine the number of cycles needed for library preparation,
1.31 puL. DNA was analyzed by RT-qPCR in a 25 plL reaction containing 0.5 pL of 10 uM
i5 primer, 0.5 pL of 10 uM i7 primer, 12.5 pL. PowerUp SYBR Green Master Mix (A25742;
Applied BioSystems), and 10.19 uL. water. A standard curve was not needed for this RT-

qPCR assay. The PCR was set up as in Figure 2.1.

Hold Stage Melt Curve Stage

Step2 Step3 stepl Step2 Stept Step2 Step3 Step4 (Dissociat tion)

Figure 2.1: Program for RT-qPCR assay with CUT&Tag DNA.

Libraries were prepared with 21 ul. of CUT&Tag DNA, 25 ul. NEB Next HiFi 2X PCR
Master Mix (M0514S; New England Biolabs), 0.5 L of 10 xM i5 primer, and 0.5 pL of
10 uM i7 primer. The number of PCR cycles was determined based on the 1.31 ul. DNA-
test RT-qPCR above (Figure 2.2). The thermocycler was set up as in Table 2.4. Sample
concentration was determined using Qubit 1X dsDNA HS Assay (Q33231; Thermo Fisher).
The quality of the library was assessed using Bioanalyzer High Sensitivity DNA Analysis
(Agilent). Samples were pooled and sequenced on NovaSeq 6000 using 50 bp paired-end
sequencing at about 10 million reads per sample.

Before sending libraries for sequencing, 2 L of a library was used for a diagonistic RT-
qPCR assay at predicted occupancy sites. Added 2 upli of the library on to the column
membrane (e.g., QIAprep Spin Miniprep Kit) to clean up the DNA. Added 750 puL. Wash
Buffer. Spun down at 15,000 rpm for 1 min. Discarded the flow-through. Spun down again
to remove residual liquid. Added 50 L. Elution Buffer. Spun down at 15,000 rpm for 1 min.
Samples could be stored in —20°C. Used 1.5 uL of the clean-up DNA library with 2.5 uL
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Figure 2.2: Amplification plot for determining PCR cycle number for CUT&Tag
library preparation. This example showed six samples (different conditions with the same
antibody) that would be compared in the final analysis. 21 cycles would be selected so that all
six samples would be amplified to the optimal range of AR, of 0.15 - 0.5. In the real library
preparation PCR reaction, 21 ul. of CUT&Tag DNA was used in a 50 ul reaction; in this test
PCR reaction, 1.31 ul. of CUT&Tag DNA was used in a 25 uL reaction. The real PCR reaction
would be loga[(21/50)/(1.31/25)] = 3 cycles earlier. Therefore, the number of PCR cycles needed
for library preparation of these six samples = 21 — 3 = 18.

Step Program
Step 1 720C for 5 min
Step 2 98YC for 45 s
Step 3 98YC for 10 s
Step 4 63°C for 10 s
Repeat step 3-4 | (N — 1) times
Step 5 720C for 1 min
Step 6 hold at 4°C

Table 2.4: Thermocycler set up for CUT&Tag library preparation. N was determined as
in Figure 2.2 from the test RT-qPCR reaction using 1.31 ul. of CUT&Tag DNA.
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Power SYBR Green PCR Master Mix (4367659; Applied Biosystem), 0.2 pL primers for a
specific occupancy site, and 5.8 pl. water.

The CUT&Tag analyses were conducted in collaboration with Dr. Peng Liu. CUT&Tag
FASTQ files were processed by removing the adapter ‘CTGTCTCTTATACACATCT’ using the
Cutadapt software (version 4.5) [172] and aligned to the mouse genome (version mm10)
with Bowtie2 (version 2.5.1) [173]. Duplicated fragments were marked and removed with
Picard (version 3.1.1). The CUT&Tag raw data were deposited in Gene Expression Omnibus

with the accession number GSE279156.
2.3 Quantification and statistical analysis

Quantitative data were presented as mean £ SEM (Standard Error of the Mean) or as box-
and-whisker plots in which the box represents 25" and 75" percentile, the line is the median,
and the whisker ranges from minimum to maximum. The two-tailed unpaired Student’s t test
was used for statistical comparisons with Prism (GraphPad Software), and a P value < 0.05
was considered significant. Outliers were identified using the Grubbs or Robust Regression
and Outlier Updated Test (ROUT) test. The interaction between IFNvy and TLR agonists
was assessed using combination index analysis with CompuSyn software in which an index
< 1 reflects synergism and > 1 indicates antagonism [171]. Sample sizes are indicated in
each figure, and all experiments were performed in at least three independent replicates. All

statistical details for individual experiments can be found in the figure legends.
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Chapter 3

Restricting Genomic Actions of
Inflammatory Mediators on Fetal

Hematopoietic Progenitor Cells

This chapter is an adaptation of the following published work by the author.
Vu L. Tran, Peng Liu, Koichi R. Katsumura, Erin Kim, Bjorn M. Schoff, Kirby D. Johnson,
and Emery H. Bresnick. Restricting genomic actions of innate immune mediators on fetal

hematopoietic progenitor cells. iScience 26, no. 4 (2023).
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Abstract

Innate immune signaling protects against pathogens, controls hematopoietic development
and functions in oncogenesis, yet the relationship between these mechanisms is undefined.
Downregulating the GATA?2 transcription factor in fetal hematopoietic progenitor cells up-
regulates genes encoding innate immune regulators, increases Interferon-y (IFN+) signaling
and disrupts differentiation. We demonstrate that deletion of an enhancer that confers
GATA2 expression in fetal progenitors elevated Toll-Like Receptor (TLR) 1/2 and 2/6 ex-
pression and signaling. Rescue by expressing GATA2 downregulated elevated TLR signaling.
IFN~ amplified TLR1/2 and TLR2/6 signaling in GATA2-deficient progenitors, synergis-
tically activating cytokine/chemokine genes and elevating cytokine/chemokine production
in myeloid cell progeny. Genomic analysis of how innate immune signaling remodels the
GATA2-deficient progenitor transcriptome revealed hypersensitive responses at innate im-
mune genes harboring motifs for signal-dependent transcription factors and factors not linked
to these mechanisms. As GATA?2 establishes a transcriptome that constrains innate immune
signaling, insufficient GATA2 renders fetal progenitor cells hypersensitive to innate immune

signaling.
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3.1 Introduction

Innate immunity protects organisms by creating a first line of defense against pathogens
[1]. The mechanisms involve pattern recognition receptors, including Toll-Like Receptors
(TLRs), that bind structural components and genetic material of bacteria, viruses, fungi,
and parasites termed pathogen-associated molecular patterns [175, ]. In addition to ex-
pression in differentiated immune cells, these receptors are expressed in Hematopoietic Stem
and Progenitor Cells (HSPCs) [177, 178]. While innate immune signaling in HSPCs impacts
proliferation, differentiation, and cytokine generation [50, , —187], many questions
remain regarding the relationship between pattern recognition receptor-dependent HSPC
mechanisms and anti-pathogen mechanisms in immune cells.

The Gram-negative bacterial cell wall component and TLR4 agonist Lipopolysaccharide
(LPS) [5] acts on HSPCs and non-hematopoietic cells in the hematopoietic microenvironment
to promote the transition from a dormant to a proliferative state and increase inflamma-
tory mediator generation [188—190]. Chronic inflammation induced by repetitive treatment
of TLR4 [190] or TLR2 [185] agonists suppresses HSC self-renewal. In a NUP98-HOXD13
Myelodysplastic Syndrome mouse model, TLR2 loss [191] or chronic TLR2/6 agonist treat-
ment expands HSPCs and promotes leukemogenesis [192]. TLR mechanisms in HSPCs may
also impact differentiated cell progeny. TLR2-activated HSPCs generate macrophages with
reduced cytokine and reactive oxygen species [179]. RUNXI loss in neutrophil precursors
upregulates TLR expression and increases cytokine production by bone marrow neutrophils
upon infection [71, 72].

While elucidating genetic networks controlled by GATA2, a vital transcriptional regula-
tor of HSPC development and function [31], we discovered that GATA2 reduction in fetal
progenitors downregulates genes mediating erythroid, megakaryocytic, and granulocytic dif-
ferentiation and upregulates innate immune genes [13]. Germline GATA2 mutations cause

bone marrow failure and leukemia predisposition [30, , —197], and the mechanisms
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are being dissected in adults [1106, , , , |. GATA2 expression in HSPCs is con-
ferred by two enhancers, 77 and 9.5 kb upstream and downstream, respectively, of the mouse
Gata?2 start site [30, 38, 12, , , |. Whereas the +9.5 enhancer triggers the emer-
gence of Hematopoietic Stem Cells (HSCs) in the Aorta-Gonad-Mesonephros region [37],
the —77 enhancer is dispensable for HSC genesis [38]. However, ablation of the murine —77
enhancer is embryonic lethal, and the mutant progenitors lose the capacity to differentiate
into diverse hematopoietic progeny and generate predominantly macrophage-like cells [3%,

]. Loss of the —77 enhancer downregulates Gata2 mRNA ~5-fold in fetal liver Common
Myeloid Progenitor (CMP) and Granulocyte Monocyte Progenitor (GMP) populations but
does not significantly affect expression in Lineage™Scal®cKit™ (LSK) cells [38]. —777/~
embryos exhibit increased numbers of CMP in the fetal liver with reduced Megakaryocyte
Erythroid Progenitors (MEP) [11]. In adult bone marrow, Gata2 expression was similarly
reduced in Gata2t/~ and —771/~ LSK, CMP, GMP, and MEP compared to wild-type con-
trols [201]. A similar number of genes are up- and down-regulated upon loss of the —77
in fetal liver progenitors [13]. Upregulated genes include a cohort of innate immune genes,
including Interferon-y (IFN+) pathway components, e.g., the transcription factor Interferon
Regulatory Factor 8 (IRF8), and multiple TLRs [13]. GATA2-deficient progenitors exhibit
supra-physiological IFN+~ signaling that is attenuated by JAK1/2 kinase inhibition and con-
tributes to diminished granulocytic differentiation [43]. Irf8 ablation, combined with the
—777/~ allele, partially rescues granulopoiesis [14]. Thus, IRF8 upregulation contributes
to the differentiation defect [11]. As inflammation suppresses hematopoiesis and promotes
clonal hematopoiesis [202-207], it is instructive to ask if GATA2-deficient progenitors acquire
ectopic signaling involving diverse innate immune systems.

In response to pathogen-associated molecular patterns, TLR signaling initiates an innate
immune response to confer anti-pathogen defense [175, ]. Although GATA2 suppresses
IFN~ signaling [13], whether GATA2 regulates TLR signaling was unknown. In vivo anal-

yses indicate that GATA?2 is required, directly or indirectly, for TLR responses [123]. The
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Gata?2 +9.5 enhancer that elevates Gata2 expression in HSPCs and harbors an E-box-spacer-
WGATAR composite element [21] confers resistance to stresses, including myeloablation,
transplantation, and inflammation, both acute and chronic [122, , ]. Mice harboring
a human GATA2 genetic variant, a single-nucleotide change in an Ets motif, within the
murine Gata?2 locus are hypersensitive to the deleterious impact of chronic inflammation
induced by the viral mimetic and TLR3 agonist Polyinosinic:Polycytidylic Acid [123]. A
compound heterozygous Gata2 +9.5 enhancer-mutant mouse, containing the Ets motif vari-
ant on one allele and a disrupted E-box-spacer-WGATAR motif on the other allele, which
epigenetically silences the locus, attenuates HSPC expansion in response to LPS-mediated
TLR4 activation [123].

Herein, we tested whether GATA2 deficiency resulting from —77 loss upregulates TLR
signaling, or if upregulated TLR mRNAs reflect locus priming to prepare for high-level
transcription and signaling in progeny, with no progenitor cell-intrinsic consequences. Using
a genetic rescue system, we demonstrate that TLR1/2 and TLR2/6 signaling is elevated in
GATA2-deficient progenitors, GATA2 expression restricts TLR expression and activity, and
IFN~-TLR signaling crosstalk elevates expression of a gene cohort including those encoding
cytokines and chemokines. As many questions remain unanswered regarding mechanisms
underlying GATA2 function in fetal HSPCs, our demonstration that GATA2 loss in fetal
progenitors engages innate immune signaling systems provides mechanistic insights with

biological and pathological implications.
3.2 Stably elevated Toll-Like Receptor gene expression

in GATAZ2-deficient fetal progenitor cells

GATAZ2 deficiency resulting from genetic ablation of the Gata2 —77 enhancer in mice results
in E14.5 fetal liver myeloerythroid progenitors with elevated levels of pattern recognition
receptors TLR2 and TLR9 (Figure 3.1A) [13]. To determine if GATA2 broadly impacts the

expression of TLR gene family, we mined our RNA-seq data that compares wild-type and



45

—777/~ E14.5 primary fetal liver hematopoietic progenitor transcriptomes (Figure 3.1B).
—T77 enhancer deletion reduced Gata2 mRNA and protein by 7.0- and 4.7-fold, respectively
[13], which increased the expression of TLRI1, 2, 3, 4, 6, 7, 8, and 9 genes (Figure 3.1C).
Retroviral-mediated expression of GATA2 at near-physiological levels in —77~/~ progenitors
reduced Tlr expression to resemble that of wild-type progenitors (Figure 3.1C). The genetic
rescue analysis established that GATA2 loss in —77~/~ progenitors elevated Tlr expression.

Since inflammatory stimuli activate TLR genes, their elevated expression in GATA2-
deficient progenitors might reflect an inflammatory microenvironment in vivo that estab-
lishes an ectopic expression pattern. The progenitors isolated by flow cytometry might retain
elevated TLR transcripts that were induced in vivo. Alternatively, the elevated expression
might reflect the low GATA2 level in progenitors, independent of the microenvironment.
To test these possibilities, we utilized a system in which primary fetal liver progenitors
(=77*/* or —777/7) were immortalized via stable expression of an Estrogen Receptor hor-
mone binding domain fusion to HOXBS [(hi) —77~/~ progenitors]. hi—77~/~ progenitors
resemble primary —77~/~ progenitors in expressing elevated TLR transcripts [43]. To de-
termine if elevated TLR expression is stable to prolonged culture, hi—77+/* (wild-type) and
hi—777/~ (GATA2") progenitors were cultured for 20 days, and gene expression was quan-
tified by Quantitative Real-Time Polymerase Chain Reaction (RT-qPCR). Gata2 mRNA
(Figure 3.1D) and protein (Figure 3.1E) were stably reduced in GATA2% progenitor cells.
Tiri, Tir2, Tir4, and Tir6 mRNA were elevated during the extended culture (Figure 3.1F).
Irf8 expression in GATA2" progenitors did not significantly change during the 18-day cul-

2low progenitors was stable

ture. As the elevated innate immune gene expression in GATA
to multiple rounds of cellular division, an inflammatory microenvironment is not required

to maintain the aberrant gene expression signature.
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Figure 3.1: Elevated Toll-Like Receptor expression in GATAZ2-deficient hematopoi-
etic progenitor cells. (A) TLR2 and TLRY protein levels in —777/* and —77~/~ progenitors
from proteomic data (PXD013855). (B) GATA2 genetic rescue assay in primary E14.5 fetal liver
progenitors. (C) Expression profile of genes encoding Toll-Like Receptors in . arvas ¢ oVt
and GATA2-rescued —77~/~ progenitors from RNA-seq data (GSE133606). (D) Gata2 expression
kinetics in ER-HOXB8-immortalized (hi)—77+/ + and hi—77~/~ progenitors. 50,000 cells were cul-
tured in complete media containing S-Estradiol and G418, and cells were split every 2 days. Cells
were harvested at indicated days for mRNA isolation (in D and F) and protein analysis (in E). (E)
Left, Representative Western blot analysis of GATA2 expression at days 2, 12, and 18 of culture
with [-Actin as a control. Right, Densitometric analysis of band intensities for GATA2 (n = 6).
(F) Irf8 and Tir gene expression kinetics normalized to 185 rRNA. In (D) and (F), data pooled
from five independent experiments (n = 3 per experiment) were presented as mean + SEM. * P <
0.05, ** P < 0.01, *** P < 0.001 (unpaired two-tailed Student’s t test).
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3.3 GATAZ2 deficiency in fetal progenitor cells elevates
TLR signaling capacity

Since —77 enhancer deletion increased TLR gene expression in progenitors, we asked if pri-
mary —77~/~ fetal liver progenitors respond to TLR agonists. Lineage-negative progenitors
were isolated from —77+/% —77t/~ and —777/~ E14.5 fetal liver and treated with TLR1/2
(Pam3CSKy) [209, 210], TLR2/6 (PamyCSKy) [211] and TLR4 (LPS) [5, 7] agonists for 4 h.
As TLR signaling metrics, we quantified the expression of TLR-activated genes ( Tnf, Ccl3,
and Ccl4) [212]. The agonists increased TLR target gene expression in —777/~ vs. —77+/*
progenitors (Figure 3.2A). Tnf expression was induced similarly in —777/~ vs. —77%/*
progenitors (Figure 3.2A). By contrast, Ccl3 and Ccl4 induction was significantly higher in
—77+/= vs. —77*/* progenitors (Figure 3.2A). The —77%/~ progenitors expressed reduced
levels of Gata2 mRNA, which was decreased further in —77~/~ progenitors (Figure 3.2B).
The —77*/~ progenitors exhibited higher Tlr6 expression vs. —77+/* (Figure 3.2B).

To ascertain the molecular and cellular implications of the GATA2-dependent TLR re-
sponse, we considered the following models. The pre-induced TLR genes in GATA2
progenitors might generate a quantitatively greater response (increased efficacy) to TLR
stimulation in comparison to wild-type cells, confer hypersensitivity to low TLR agonist
concentrations (increased potency) without altering the maximal response, or a hypersen-
sitive response and increased efficacy might occur concomitantly (Figure 3.2C). To test
these models, we asked if elevated TLR expression in GATA2" progenitors increases TLR
agonist efficacy and/or potency. Wild-type and GATA2°% progenitors were treated with
increasing concentrations of the TLR1/2 agonist Pam3CSK, for 4 h and Tnf, Ccl3, and Ccly
mRNA levels were quantified. Although Tnf, Ccl3, and Cclj were expressed similarly in
vehicle-treated wild-type and GATA2" progenitors, Pam3;CSK, induced their expression
to a greater extent in the mutant cells (Figure 3.2D). Ccl3 and Cclj were non-responsive in

wild-type progenitors (Figure 3.2D). The indistinguishable dose-response curves for induc-
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tion of Tnf and Cclj expression in wild-type and GATA2% progenitors indicate that —77
enhancer deletion increased agonist efficacy without impacting potency (Figure 3.3).

Beyond agonist-induced dimerization of TLR1 with TLR2 [213, ], TLR2 also het-
erodimerizes with TLR6 [211, ]. As Tlr6 mRNA was upregulated in —77~/~ primary
progenitors, we asked if —77 enhancer deletion affected TLR2/6 functions. Treatment of
hi—77%/* and hi—77/~ progenitors with the TLR2/6 agonist Pam,CSK, or PamsCSK, for
four hours induced a greater response in mutant versus wild-type cells (Figure 3.2E).

The —77 enhancer deletion dysregulates many genes important for cellular physiology.
To establish rigorously whether the elevated TLR-dependent gene expression responses of
GATA2!°" fetal progenitors are caused by insufficient GATA2, we asked whether restoring
GATA2 at a near-physiological level reduces the responses. The GATA2% progenitors were
infected with GATA2-expressing or empty retroviruses, cells were selected with Puromycin,
cultured for 48 h, and treated with two TLR1/2 agonist concentrations (Figure 3.4A). Ex-
ogenous GATA2 expression (Figure 3.4B) reduced the high innate immune gene expression
to a level resembling that of wild-type progenitors infected with empty retrovirus (Figure
3.4C). The induction of Tnf and Ccl3 expression in GATA2? progenitors was attenuated to
a level resembling wild-type progenitors (Figure 3.4D). Thus, GATA2-mediated suppression
of TLR expression in GATA2!°" progenitors limits TLR-induced gene expression responses.

Previously, we demonstrated that GATA2!" progenitors upregulate IFN+~ signaling path-
way components and establish hypersensitivity to IFN~v [13]. As IFN~ and TLR signaling
pathways activate the Mitogen-Activated Protein Kinases (MAPK) ERK1/2, p38, and JNK
[216-220], we asked if the elevated response of GATA2!°* progenitors to IFN+y and TLR
alters the magnitude or dynamics of MAPK and JAK/STAT signaling. Wild-type and
GATA2¥ progenitors were treated with IFNv and Pam3zCSKy for 4 h, and p38, JNK1/2,
ERK1/2, STAT1, and STAT3 phosphorylation levels were quantified. Phospho-p38 and
-JNK increased maximally after 1 h (Figures 3.5A and 3.5B). p38 phosphorylation was sus-

tained, while JNK phosphorylation was detected at 60 min, but not thereafter, in GATA2/v
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Figure 3.2: Hyperresponsive TLR signaling in E14.5 GATA2-deficient progenitor
cells. (A) TLR agonist responsiveness of Tnf, Ccl3, and Ceclj in E14.5 =77/ —77+/= and
—77-/~ Lin~ progenitors. Primary E14.5 Lin~ progenitor cells were treated with TLR1 /2 ago-
nist PamzCSK4 (100 ng/ml), TLR2/6 agonist PamaCSK4 (10 ng/ml), or TLR4 agonist LPS (100
ng/ml) for 4 h (n = 4-8 fetal livers). (B) Gata2 and Tlr expression in E14.5 —77+/* —77t/= and
—777/= Lin~ progenitors (n = 4-8 fetal livers). (C) Models depicting potential relationships be-
tween GATA?2 deficiency and cellular responsiveness of —77~/~ versus —771/T progenitors to TLR
activation. (D) Dose-dependent responsiveness of Tnf, Ccl3, and Cclj expression to PamsCSKy.
hi—77%/* and hi—77-/~ progenitors were treated with increasing concentrations of PamsCSKy
for 4 h (4 independent experiments). (E) Responsiveness of Tnf, Ccl3, and Cclj expression in
hi—77+/* and hi—77~/~ progenitors to Pam3zCSKy or PamyCSKy for 4 h (4 independent exper-
iments). In (D) and (E), data were presented as mean + SEM. mRNA was quantified using
RT-qPCR and normalized to 185 rRNA. * P < 0.05, ** P < 0.01, *** P < 0.001 (unpaired two-
tailed Student’s t test).
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Figure 3.3: TLR1/2 agonist-mediated stimulation of TLR target genes in GATA2v
progenitors. (A) Dose-response curves of Pam3CSKj, to regulate gene expression. Tnf, Cecl3, and
Ccl expression were quantified by RT-qPCR. (B) ECs values of Pam3CSKy in hi—77t/* and
hi—77~/~ progenitor cells were calculated based on the transformed curves of (A).

progenitors (Figures 3.5A and 3.5B). Phospho-ERK1/2 was weakly activated in both cell
types after 15 min of stimulation (Figures 3.6A and 3.6B). The kinetics of STAT1/3 phos-
phorylation in GATA2!* and wild-type were similar with phospho-STATS3 being 30% higher
(P = 0.0027) in GATA2!** after 2 h of stimulation (Figures 3.6A and 3.6B). In wild-type
and GATA2% progenitors, IFN+, with or without the TLR1/2 agonist, comparably induced
phospho-STAT1 (Figures 3.6C and 3.6D) without affecting phospho-ERK1/2 (Figures 3.6C
and 3.6D). By contrast, a one-hour treatment with Pam3CSK, increased phospho-p38, and
IFN~ further increased phospho-p38 (P = 0.0014) in GATA2" cells (Figures 3.5C and
3.5D). Only in GATA2!" progenitors, the TLR1/2 agonist, with or without IFN~, strongly
increased phospho-JNK by 5.9-fold (P = 0.009) and 5.5-fold (P = 0.018), respectively (Fig-
ures 3.5C and 3.5D).

Genetic ablation of both JNK1 and JNK2 in the mouse is embryonically lethal at E12.5,
and conditional ablation of JNK1 and JNK2 in macrophages abrogates IFNvy and TLR
signaling, rendering inflammatory genes, e.g., Tnf, Ccl2, Ccls, 1l1b, and Il6, insensitive to
LPS [221, ]. Conditional ablation of p38 in macrophages impairs the TLR4 response and
attenuates TNFa, but not IL6, production [223]. Given the critical role of JNK in innate

immunity, we asked if GATA2 restores JNK phosphorylation to wild-type levels in response
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Figure 3.4: GATAZ2 rescues ectopically elevated TLR signaling in GATA 2" progenitor
cells. (A) Schematic presentation of GATA2 rescue and TLR1/2 agonist treatment. (B) Repre-
sentative Western blot analysis of GATA2 expression in hi—771/*, hi—77~/~, and GATA2-rescued
hi—77~/~ progenitor cells. Retrovirally-expressed GATA2 is distinguishable from endogenous by
decreased mobility resulting from the N-terminal Hemagglutinin (HA) tag. [-Actin served as a
loading control. (C) Quantitation of Irf8, Tl1, Tir2, and Tlr6 in hi—77t/*, hi—77~/~, and
CGATA2-rescued hi—77~/~ progenitor cells (5 independent experiments). (D) Tnf and Ccl3 ex-
pression in hi—77t/%, hi—77-/~, and GATA2-rescued hi—77~/~ treated with PamzCSKy (10 and
100 ng/ml) for 4 h (5 independent experiments, mean + SEM). * P < 0.05, ** P < 0.01, *** P <
0.001 (unpaired two-tailed Student’s t test).
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Figure 3.5: Elevated inflammatory signaling efficacy in GATA2/" progenitor cells.
(A) Representative Western blot analysis of phospho-p38 (p-p38) and -JNK (p-JNK) signaling in
—77t/% and hi—777/~ progenitors. Cells were treated with IFNv (1 ng/ml) and PamzCSK, (100
ng/ml) for 4 h in complete media. (B) Densitometric analysis of band intensities for p-p38 and
p-JNK (n = 4, mean + SEM). (C) Representative Western blot analysis of p-p38 and p-JNK in
response to IFN+y and TLR1/2 stimulation. —77t/% and hi—77/~ cells were treated with agonists
in complete media for 1 h. (D) Densitometric analysis of band intensities for phospho-p38 and -
JNK in (C) (n =4). (E) Representative Western blot analysis of p-JNK in combination-stimulated
—77t/* vs hi—777/~ cells. hi—77~/~ cells were infected with GATA2-expressing retrovirus, se-
lected with 2 pg/ml Puromycin for 48 h, and were treated with IFNv (1 ng/ml) and PamzCSKy
(100 ng/ml) for 1 h. —77+/* and hi—77=/ cells infected with empty retrovirus served as controls.
(F) Densitometric analysis of relative band intensities for p-JNK in (E) (n = 6). In (B), (D), and
(F), data were normalized to the combination-treated hi—77=/~ cells at 1 h. * P < 0.05, ** P <
0.01, *** P < 0.001 (unpaired two-tailed Student’s t test).
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Figure 3.6: The magnitude and dynamics of STAT1/3 and ERK1/2 phosphorylation in
GATAZ2" progenitors in response to inflammatory signaling. (A) Representative Western
blot analysis of phospho-STAT1 (p-STAT1), -STAT3 (p-STAT3), and -ERK1/2 (p-ERK1/2) in
hi—77%/% and hi—77~/~ progenitors. Cells were serum-starved for 2-4 h and stimulated with IFN~
(1 ng/ml) and Pam3CSKy (100 ng/ml) for 4 h. (B) Densitometric analysis of band intensities for
p-STAT1, p-STAT3, and p-ERK1/2 (n = 4-5, mean + SEM). (C) Representative Western blot
analysis of p-STAT1/3 and p-ERK1/2 in response to IFN+y and TLR1/2 stimulation. hi—77+/* and
hi—77/~ cells were serum-starved for 4h and treated with agonists for 15 min. (D) Densitometric
analysis of band intensities for p-STAT1/3 and p-ERK1/2 in (C) (n = 4). * P < 0.05, ** P <
0.01, *** P < 0.001 (unpaired two-tailed Student’s t test).
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to IFNy and TLR signaling. hi—777/~ cells infected with GATA2-expressing retrovirus
were selected with Puromycin and treated with vehicle or IFNvy and Pam3zCSK, for 1 h.
JNK phosphorylation in GATA2-expressing GATA2!% cells was attenuated by 50.2% (P <
0.0001) to resemble wild-type cells infected with empty retrovirus (Figures 3.5E and 3.5F).

As Gata2 —77 enhancer deletion upregulates IFN~, TLR1/2, and TLR2/6 signaling,
we evaluated the mechanistic ramifications of combined IFNv and TLR signaling. To test
whether IFN~v and TLR signaling are additive, synergistic, antagonistic, or independent,
GATA2"" progenitors were treated with IFN~, Pam3;CSK,, or both agonists, and combina-
tion index analysis was used to assess potential functional interactions [174]. Although IFN~
alone did not alter Tnf or Ccl3 expression, [IFN~ and Pam3zCSK, synergistically increased
their expression (Figure 3.7A). To determine if the synergism is restricted to TLR1/2 or
is applicable to a distinct TLR heterodimer, we treated GATA2% progenitors with IFN-~,
PamyCSKy, or both agonists and quantified gene expression. IFN+y and TLR2/6 signaling
synergistically induced Tnf and Ccl3 expression (Figure 3.7B). IFN~, but not the TLR1/2
or TLR2/6 agonists, increased Irf8 expression, while the combination of IFNvy and TLR
agonists at higher concentrations further increased Irf8 expression (Figures 3.7C and 3.7D).
The TLR2/6, but not TLR1/2, agonist synergistically increased expression of the TFN~y
target gene Stat! (Figures 3.7C and 3.7D). At a maximal Pam3CSK, concentration, Stat!
expression in GATA2!°? progenitors treated with IFNvy and PamsCSK, was higher (P =
0.03) than cells treated with IFN~ alone (Figures 3.7C). Whereas the wild-type progenitors
treated with IFNv, Pam3zCSKy, PamyCSK,, or combinations of IFN~ with TLR agonists
did not secrete detectable levels of TNFa and CCL3 proteins, CCL3 was detected in su-
pernatants of GATA2/°? progenitors 4h post-stimulation (Figure 3.7E). Thus, GATA2 loss
in fetal progenitors elevates innate immune gene expression, creating an aberrant cell state

with hyperresponsivity to IFNvy and TLR signaling pathways.
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Figure 3.7: Hyperresponsiveness of GATA2/°Y progenitor cells to inflammatory signal-
ing. (A-D) hi—77~/~ progenitors were treated with increasing concentrations of IFN+, TLR1/2
agonist (A and C), TLR2/6 agonist (B and D), or combination of IFNvy and TLR agonists for
4 h. The responsiveness of TLR-activated (Tnf and Ccl?) and IFN~-activated (Irf8 and Statl)
genes was quantified using RT-qPCR and normalized to 18s rRNA (n = 6-9, mean = SEM). (E)
hi—77+/* and hi—77~/~ progenitors were treated with 1 ng/ml IFN~, 100 ng/ml TLR1/2 agonist,
10 ng/ml TLR2/6 agonist, or combination of IFNv and TLR agonists for 4 h, and the supernatants
were collected for quantification of TNFa and CCL3 proteins using a Luminex assay (n = 3). In
(A-D), *, combination vs IFN~; #, combination vs TLR agonist; 4+, TLR agonist vs IFN~. * P <
0.05; ** P < 0.01; *** P < 0.001; similarly for # and + (unpaired two-tailed Student’s t test).
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3.4 (Genomic consequences of GATA 2-deficient progen-
itor cell hypersensitivity to innate immune medi-
ators

To determine the genomic consequences of innate immune signaling in GATA2/°* progeni-
tors, we used RNA-seq analysis to identify differentially expressed genes (DEGs) in hi—77+/+
or hi—777/~ cells treated with vehicle, IFNv, Pam3;CSK,, or both agents for 4 h. Principal
component analysis demonstrated strong reproducibility among the four biological replicates
(Figure S3A).

We tested whether IFNv- and TLR-regulated genes are sensitive or insensitive to GATA2
loss in the GATA2/ cells. The DEGs revealed that a subset of IFNy- and TLR-activated
genes in GATA2% cells were not regulated in wild-type cells (Figure 3.9A). We asked if
GATA2 deficiency alters the magnitude of gene expression responses at all or a subset of
the IFN~- and TLR-regulated genes. While a subset of the genes was regulated comparably
in wild-type and GATA2/°" cells, the majority of genes were activated to a greater extent
in GATA2!" cells (Figure 3.9B). This analysis indicated that the GATA2% cell genome
was hyperresponsive to innate immune mediators, both with individual agonists and the
combination.

Inflammatory signaling activates a battery of transcription factors that function through
their binding motifs within promoters, introns, and distal sites to activate or repress down-
stream target genes. The enrichment or absence of motifs at a regulated locus in response
to inflammatory signaling can provide important mechanistic clues. To gain insights into
mechanisms underlying the hypersensitive genomic response, we conducted motif enrichment
analysis with promoter and intronic sequences of genes activated by IFN~ and TLR1/2 ag-
onist in wild-type and GATA2!¥ cells. Consistent with established IFN~ activity to induce

STAT- and IRF-dependent transcriptional regulation, STAT1-5, IRF1-4, and IRF7-9 mo-
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Figure 3.8: Transcriptome responses of wild-type and GATAZ2/* progenitors to in-
flammatory signaling. (A) Principle component analysis showing the segregation of transcrip-
tomes from the biological replicates (n = 4) for hi—7 7t/ vs hi—77~/~ treated with vehicle, TFN~,
Pam3CSKy, or a combination of agonists. (B) Overlap of differentially expressed genes (DEGs) in
hi—77+/% (top) or hi—77~/~ (bottom) cells treated with IFN~, Pam3CSKy, or both agonists were
parsed into activated (left) or repressed (right). A DEG had |loga(fold change)| > 1, adjusted
P value < 0.05, and Transcripts per Million (TPM) > 1 in all of the replicates in at least one of
the two conditions compared. Activated DEGs had higher expression in the numerator condition
than in the denominator condition, and repressed DEGs had lower expression in the numerator
condition than in the denominator condition.
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Figure 3.9: GATAZ2 restricts genomic actions of inflammatory stimuli. (A) Differentially
expressed genes (DEG) overlap in hi—771/* and hi—77~/~ treated with IFN~y (left), Pam3CSK,
(middle), or both agonists (right) were parsed into activated (top) or repressed (bottom). Activated
DEGs had higher expression in the numerator condition than in the denominator condition, and
repressed DEGs had lower expression in the numerator condition than in the denominator condi-
tion. (B) mRNA levels of activated gene sets in hi—777/~ treated with IFNvy (top), Pam3CSK,
(middle), or a combination of agonists (bottom) normalized to hi—77+/* treated with the same
agonists. (C) Heatmap showing motif enrichment, by MEME analysis, at promoters (top) and
introns (bottom) of IFNy— and TLR-activated genes in hi—77t/% and hi—77~/~. Motifs binding
canonical inflammation-activated transcription factors (STAT, IRF, and NF-xB) are presented as
positive controls. Motifs enriched in hi—77~/~ but not hi—77*/* progenitors were ranked on the
basis of —logig(adjusted P). Motifs with adjusted P > 0.05 were set to 1.
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tifs were enriched significantly within IFN~-activated promoters in wild-type cells (Figure
3.10A). KLF [KLF1 (P = 1.6 x 107), KLF3 (P = 6.1 x 1072%), KLF4 (P = 5.0 x 1072%),
KLF5 (P = 1.3x1072%), KLF6 (P = 3.6 x 1073%), KLF15 (P = 3.5 x 10-2)], FOXA [FOXA1
(P =3.0x107%), FOXA2 (P =2.0x107%), and FOXA3 (P = 2.0 x 107%)] , FOXO [FOXO1
(P =9.8x107%), FOXO3 (P = 0.004), and FOXO4 (P = 6.0 x 1079)], and SP [SP1 (P =
1.1 x 10733), SP2 (P = 1.0 x 10728), SP3 (P = 1.0 x 10~2%), SP4 (P = 4.0 x 1073!), and
SP5 (P = 5.7 x 1073%) motifs were also associated with IFN~ signaling in wild-type cells
(Figure 3.10A). In response to TLR1/2 signaling, NFKB1 (P = 0.009), NFKB2 (P = 0.02),
REL (P = 2.0 x 107°), and RELB (P = 9.0 x 10~°) motifs were enriched in wild-type cells
(Figure 3.10A), consistent with TLR-~dependent NF-xB activation [1]. The dual signaling
in wild-type cells shared a subset of the enriched motifs e.g., SP and KLF, and motifs not
characteristic of the individual signaling conditions e.g., NFYA (P = 5.0 x 107*), NFYB (P
= 1.0 x 107*), and NFYC (P = 4.0 x 107*) (Figure 3.10A). Both shared and unique motifs
were enriched at IFNv- and TLR-activated gene promoters in wild-type and GATA2!¥ cells.
The combinatorial signaling was associated with enriched MYC (P = 3.5 x 107%), RUNX1
(P=89x10""), RUNX2 (P = 1.3x107%), and RUNX3 (P = 2.4 x 107%) motifs in promoter
regions of GATA2!" but not, wild-type progenitors (Figure 3.9C and 3.10A). In both cell
types, these motifs were enriched in introns (Figure 3.10B). GATA1, GATA2, and GATAG6
motifs were enriched in introns but not in the promoters of IFNv- and TLR-regulated genes
in both cell types (Figure 3.9C and 3.10B). GATA2 chromatin occupancy commonly occurs
distal to promoters or within introns, although in certain cases, GATA2 occupies promoters
[81, , |. In both cell types, select motifs were enriched significantly in activated and
repressed genes e.g., SP1-5, KLF3/4/5/6/8/15. Other motifs were enriched in activated,
but not repressed, genes in both cell types e.g., FOXA, FOXO, and IRF. NFYA/B/C motifs
were enriched in promoters of repressed genes in wild-type but not GATA2 cells. E2F,
ETS, ETV, FOXO, and IRF motifs were enriched in introns of activated, but not repressed,

genes in wild-type cells (Figure 3.10B).
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Figure 3.10: Motif analysis of IFNy and TLR1/2-regulated genes in wild-type and
GATA2" progenitor cells. The DEGs from IFN+, TLR1/2 agonist, or combination-treated
hi—77%/* or hi—77~/~ progenitors were used to conduct motif enrichment analysis in proximal
promoters (A) and introns (B). Motifs with adjusted P > 0.05 were set to 0.05.
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Figure 3.11: Motif distributions for signal-dependent transcription factors in hyper-
responsive genes. (A and B) Top, Motifs in proximal promoters (A) or introns (B) of hyperre-
sponsive genes versus nonresponsive genes. Bottom, Top ten motifs enriched only in the promoter
(A) or introns (B) of the hyperresponsive or nonresponsive genes. (C) Motif overlap in proximal
promoters and introns at hyperresponsive genes (top) or nonresponsive genes (bottom).

We tested whether motifs mediating binding of signal-dependent transcription factors
reside more commonly at hyperresponsive genes in GATA2!" vs. wild-type cells treated
with IFN+ and TLR agonist and/or are deficient at the hyperresponsive genes. The motif
analysis revealed 12 motifs in promoters that were enriched at hyperresponsive, but not
nonresponsive, genes (Figure 3.11A). These motifs included NF-xB [NFKB1 (P = 3.14 x
1077), NFKB2 (P = 8.74 x 107%), REL (P = 2.14 x 107%), and RELB (P = 0.037)] and
the AP1 subunit FOSL2 (P = 0.024) (Figure 3.11A). In introns, 16 motifs were enriched at
hyperresponsive, but not nonresponsive, genes, including STAT4 (P = 7.25 x 107Y), SOX3
(P =81x107%), HSF1 (P = 8.12 x 1079), and PPARA (P = 1.16 x 107°) (Figure 3.11B).
Certain motifs (36 in promoters and 20 in introns) were enriched in nonresponsive, but
not hyperresponsive, genes. CTCFL, MEF2D, and PIT1 motifs were enriched in promoters
and introns of nonresponsive, but not hyperresponsive, genes (Figure 3.11A and 3.11B). The
majority of genes encoding transcription factors binding these motifs were expressed in wild-

type and GATA2°% progenitors. The dearth of these motifs at hyperresponsive genes might
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reflect their role in suppressing signal-dependent transcription. While most of the motifs
were enriched in promoters and introns of hyperresponsive and nonresponsive genes, 76 and
63 motifs were enriched selectively in introns of hyperresponsive and nonresponsive genes,
respectively (Figure 3.11C). The innate immune genes harbor motifs for signal-dependent
transcription factors that can be shared by wild-type and GATA2/" progenitors or unique
to one genotype, and select motifs demarcate genes with hyperresponsive signal-dependent

transcriptional responses.

3.5 Biological insights derived from GATA2-dependent
inflammatory genomics

KEGG and STRING (https://string-db.org/) were utilized to predict biological insights into
the genomic hypersensitivity to innate immune signaling in GATA2% cells. The DEGs high-
lighted JAK-STAT signaling and pattern-triggered immune signaling (Figure 3.12A). IFN~-
activated or TLR-activated genes in wild-type cells, and TLR-activated genes in GATA2
cells did not reveal significantly over-represented KEGG terms. The [FN~-regulated genes
included genes encoding Guanylate-Binding Proteins (GBPs) that functions in innate im-
mune signaling [224]. GBP genes are clustered on chromosomes 3 (Gbpl, 2, 3, 5, 7, and
pseudo Gbp1) and 5 (Gbp4, 6, 8, 9, 10, 11, and pseudo Gbp2) [225]. Loss-of-function anal-
yses revealed that GBP1 and GBP7 protect against listerial and mycobacterial infection
[226]. Genetic ablation of Gbp loci sensitized animals to Tozoplasma gondii-infected lethal-
ity, and GBP1, GBP5, and GBP7 partially restored the capacity to inhibit bacterial burden
in Gbphr3-deficient mice [227]. Gbp5~/~ mice exhibited defects on NLRP3 inflammasome
assembly and IL1/5/IL18 production [228]. In wild-type cells, IFN+y signaling induced ex-
pression of GBP family members, and IFNv- and TLR-regulated combinatorial signaling
further increased their expression (Figures 3.12B and 3.12C). GATA2 deficiency amplified
this signal-dependent response (Figures 3.12B and 3.12C).

[FN~ signaling controls the IFI200 gene cluster on murine chromosome 1 [229]. This
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Biological insights derived from IFN~ and TLR-induced transcriptomic

alterations. (A) KEGG terms were generated from activated genes by IFN~, TLR1/2-, or a com-
bination of agonists in hi—777/* and hi—77~/~ progenitor cells. (B) Heatmap showing expression
of Gbp and Ifi200 gene families mined from RNA-seq dataset and presented as Z-score. (C) mRNA
levels of select Gbp and Ifi200 genes with TPM > 1. Data were presented as mean &= SEM. * P <
0.05, ** P < 0.01, *** P < 0.001 (unpaired two-tailed Student’s t test).
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cluster contains Ifi203 encoding a cytoplasmic nucleic acid sensor, and IF1203 knockdown in
macrophage cell lines reduces I[FN production in response to murine leukemia virus and HIV
[230]. IF1204 senses cytosolic dsDNA and bacterial infection to mount type I IFN responses
[231]. Multiple members of the IF1200 cluster were expressed at higher levels in GATA2/
vs. wild-type cells (Figures 3.12B and 3.12C). IFN~v and TLR1/2 combinatorial signaling

further enhanced their expression (Figures 3.12B and 3.12C).
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Figure 3.13: GATA2 deficiency in fetal progenitor cells elevates expression of genes
encoding metabolic enzymes and solute carrier transporters in response to inflamma-
tory signaling. (A) mRNA levels (TPM) of Acod1, Agpats4, and Cmpk2. (B) STRING analysis
(https://string-db.org/) of genes linked to Acodl. (C) mRNA levels (TPM) of Sic2a6 and Sic15a3.
(D) STRING analysis of genes linked to Slc2a6. In (B) and (D), genes that were highly activated
by IFN~5, Pam3CSK, or both agonists in hi—77~/~ progenitors were highlighted in red. * P <
0.05, ** P < 0.01, *** P < 0.001 (unpaired two-tailed Student’s t test).

In GATA2"% cells, combinatorial innate immune signaling activated genes encoding
metabolic enzymes e.g., Acodl (Irgl), Agpats, and Cmpk2 (Figure 3.13A). AGPAT4 func-
tions in Triacylglycerol biosynthesis [232]. CMPK2 regulates UTP/CTP production for
Nucleic Acid biosynthesis [233]. ACOD1 is a cis-Aconitate Decarboxylase that catalyzes
the conversion of cis-Aconitate, a Krebs cycle intermediate, into Itaconate [234]. Itaconate

regulates macrophage function by inhibiting metabolic enzymes and regulates transcription
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factors mediating inflammatory responses [235, ]. Acodl expression was low in wild-type
cells (Figure 3.13A). Whereas it was not induced by IFNvy and was slightly activated by
PamsCSK, in GATA2°? cells, the agonists synergistically induced its expression 4.4-fold (P
= 0.0013) higher vs. wild-type cells (Figure 3.13A). STRING revealed ACOD1 links to cy-
tokines/chemokines whose expression was also upregulated by IFN~ and TLR1/2 signaling
in GATA2!¥ cells (Figure 3.13B).

Combinatorial innate immune signaling activated solute carrier transporter genes includ-
ing Slc2a6, encoding the glycolytic regulator Glucose Transporter 6 (GLUT6) [237] and
Slc15a8 encoding Peptide/Histidine Transporter 2, an endosomal and lysosomal transporter
of Dipeptides, Peptidomimetics, and Histidine (Figure 3.13C) [238]. The STRING network
identified links between Slc2a6, Slc15a3 and Acodl (Figure 3.13D).

Based on the impact of GATAZ2 loss on responsiveness of the progenitor cell genome to in-
nate immune signaling, we considered how this altered cellular state might influence myeloid
cell progeny function. To induce myeloid differentiation, [-Estradiol was withdrawn from
the culture media for 2 days, and cells were treated with IFN+y and TLR1/2 or TLR2/6
agonists individually or together for 4 h. In vehicle-treated, differentiated GATA2!" cells,
Tnf, Ccl3, Cclj, and Ccl5 expression increased relative to undifferentiated cells. TLR ag-
onists, with or without IFN+~, further increased expression (Figure 3.14A). Although IFN~
did not induce cytokine/chemokine expression in undifferentiated cells, differentiation ren-
dered GATA2!" cells responsive to IFN~. In differentiated GATA2!? cells, the individual
and combination treatments increased TNFa, CCL3, CCL4, and CCL5 protein levels, with
the combinatorial signaling inducing the highest levels of TNF, CCL4, and CCL5 (Figure
3.14B). The increased cytokine/chemokine production in differentiating GATA2% cells was
commensurate with increased Tir1, TIr2, and Tlr6 mRNA levels (Figure 3.14C). Thus,
myeloid cell progeny from GATA2-deficient fetal progenitor cells liberated excessive levels

of inflammatory mediators.
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Figure 3.14: GATA2-deficient fetal progenitors generate elevated levels of cytokines
and chemokines upon myeloid differentiation. (A) Extrinsic signal responsiveness of Tnf,
Ccl3, Cclj, and Ccl5 in response to 4 h stimulation in undifferentiated hi—77 progenitors and cells
induced to differentiate for two days (n = 3-12). (B) The differentiated hi—77 cells were treated as
in (A), and the supernatants were collected 4 h post-agonist treatment for quantification of TNFa,
CCL3, CCL4, and CCL5 proteins using a Luminex assay (n = 3). (C) Tlr1, Tir2, and Tir6 expres-
sion in undifferentiated and 2 d differentiated hi—77+/* vs hi—77~/~ progenitors (n = 3-12). * P
< 0.05, ** P < 0.01, *** P < 0.001 (unpaired two-tailed Student’s t test). (D) The model depicts
GATA2 regulation of a network of genes and proteins to establish progenitor functions in response
to inflammatory stimuli. When the -77 enhancer is deleted, GATA2 expression decreases, causing
the upregulation of TLR genes. GATA2 deficiency in fetal progenitors increases capacity of the
cells to respond to inflammatory stimuli. IFN~ and TLR signaling amplify the expression of innate
immune genes harboring motifs (ordered based on adjusted P) for signal-dependent transcription
factors and regulators of diverse pathways at proximal promoter and intronic regions in GATA2/
progenitors. IFN~ and TLR crosstalk elevate the expression of cytokines and chemokines, which
mediate cell-intrinsic and -extrinsic functions.
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3.6 Discussion

GATA2 deficiency in —77 enhancer mutant fetal progenitors disrupts a multi-fate differentia-
tion program and upregulates innate immune genes, including those encoding IFN~ signaling
components [13]. Here, we demonstrated that GATA2 loss upregulated TLR genes and TLR
signaling in primary and immortalized fetal progenitor cells and increased TLR signal trans-
duction efficacy. In this context, TLR1/2 and IFN~ signaling crosstalk elevated cytokine
and chemokine generation, and the impact of GATA2 loss on inflammatory machinery was
amplified upon myeloid differentiation (Figure 3.14D).

To address whether elevated inflammatory signaling in GATA2!°" progenitors involves in-
trinsic or extrinsic mechanisms, we asked if GATA2!°" progenitors require an in vivo microen-
vironment to maintain elevated TLR gene expression. Previously, primary and secondary
transplants revealed that —77~/~ donor fetal liver cells conferred multi-lineage long-term
repopulating activity, but generated more monocytes and reduced lymphocytes, consistent
with HSPC-intrinsic defects [38]. Herein, elevated innate immune gene expression was sta-
ble to extended culture without inflammatory stimuli. Genetic rescue to restore GATA2
to a physiological level reduced expression of multiple TLR genes in primary fetal —77~/~
progenitor cells (Figure 3.1C) and hi—777/~ progenitors (Figure 3.4C). GATA?2 rescued the
gene expression response to TLR1/2 stimulation (Figure 3.4D) and rescued JNK phospho-
rylation in response to TLR1/2 and IFN~ stimulation (Figure 3.5E-F) in GATA2!°* progen-
itors. Thus, multiple lines of evidence support a cell-intrinsic mechanism in which GATA2
deficiency in —77~/~ fetal progenitors upregulates TLR gene expression and signaling.

In a model of GATA2 deficiency involving compound heterozygous +9.5 enhancer mutant
mice, reduced Gata?2 expression in adult HSPCs is associated with attenuated HSPC ex-
pansion upon LPS-dependent acute inflammation, which involves TLR4 activation [123]. In
LPS-treated Gata2 heterozygous mice, cytokine production was reduced in peritoneal lavage

fluids and plasma [58]. LPS activates TLR4, which was not upregulated in the fetal pro-
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genitors. Although we have focused on hematopoietic cell-intrinsic actions of inflammatory
signaling, the hematopoietic microenvironment can be a determinant of the inflammatory
response. A reciprocal transplantation analysis revealed that hematopoietic cells require a
normal bone marrow microenvironment to respond to TLR4 signaling [207, 239]. Cytokines
released by TLR4-activated, non-hematopoietic cells impact HSPC expansion and activity.
Reciprocal transplant analysis of Gata2 +9.5 Ets motif mutant bone marrow revealed no im-
pact of a mutant microenvironment on HSC long-term repopulating activity [123]. GATA2
deficiency consequences might differ in fetal vs. adult contexts due to intrinsic differences
in the regulatory circuitry of fetal versus adult HSPCs or distinct microenvironments.

GATA2 regulates diverse signaling molecules, including c-Kit [210), ], the facilitator
of c-Kit signaling SamD14 [35, |, IFNy-inducible transcription factor IRF8 [13], and,
as demonstrated in this study, TLRs. Elevated TLR signaling increased p38 and JNK,
which regulate the AP1 transcription factor. Our prior genomic analysis of GATA2 function
in endothelial cells revealed GATA2, c-JUN, and ¢-FOS co-occupancy at genes harboring
WGATAR and AP1 motifs [53]. GATA2 and AP1 cooperatively regulate inflammatory gene
expression [53]. Studies in mouse aortic endothelial and Kasumi-1 AML cell lines provided
evidence for a signal-dependent GATA2 mechanism. HRAS G12V mutant utilizes p38 to
induce GATA2 phosphorylation at Serine 192, which promotes multi-site phosphorylation
[101]. TL1S and CXCL2 also increased GATA2 phosphorylation [102]. GATA2 phosphory-
lation amplifies GATA2 activity to regulate cytokine/chemokine gene expression [101, ,

|. Our analysis in fetal progenitors revealed that GATA2 loss elevated p38 and JNK
signaling in response to IFNvy and TLR1/2 agonists.

In humans, GATA2 heterozygous mutations cause a highly variably penetrant syndrome

involving Myelodysplastic Syndrome (MDS) with progression to AML [105, —195]. Al-
though TLR2 expression is upregulated in MDS patient CD34% cells [244], TLR2 loss or
sustained stimulation of TLR2/6 promotes leukemogenesis in a murine model [191]. TLR2

dimerizes with TLR1 or TLR6 to generate functional dimers, and alterations in one TLR
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subunit may therefore impact the function of multiple TLR complexes [214, , |. In
low /intermediate risk MDS patients, multiple bone marrow cell types exhibit elevated TLRI,
TLR2, and TLR6 gene expression, and TLR1/2 and TLR2/6 agonists increase cytokine pro-
duction [217]. We demonstrated that GATA2 loss elevated TLR1/2 and TLR2/6 signaling
and fetal progenitor responses.

In summary, our study revealed that GATA2 loss increased the TLR signaling capacity
of fetal progenitors. Elevated TLR signaling synergized with IFN~ signaling to regulate
genes that were not regulated by the individual pathways and amplified the expression
of genes that were regulated by the individual pathways. These gene cohorts included
numerous inflammatory genes. As HSPC development can be disrupted by acute or chronic
inflammatory stimuli, our discovery of a mechanism that constrains inflammatory signaling
by restricting genome responsiveness has important pathological implications. It will be
instructive to determine if hypersensitivity to extrinsic inflammatory signaling in GATA2/v
fetal progenitors is exclusive to fetal development or if it similarly characterizes progenitors

in a newborn context and thereafter. Given the embryonic lethality of the —777/~ mouse

model, new systems will be required to address this issue.
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Chapter 4

Dual Mechanism of Inflammation
Sensing by the Hematopoietic

Progenitor Genome

This chapter is an adaptation of the following published work by the author.

Vu L. Tran, Peng Liu, Koichi R. Katsumura, Alexandra A. Soukup, Audrey Kopp, Zamaan
S. Ahmad, Ashley E. Mattina, Marjorie Brand, Kirby D. Johnson, and Emery H. Bresnick.
Dual mechanism of inflammation sensing by the hematopoietic progenitor genome. Science

Advances 11, no. 22 (2025): eadv3169.
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Abstract

Genomes adapt dynamically to alterations in the signaling milieu, including inflammation
that transiently or permanently disrupts genome function. Here, we elucidate how a progen-
itor cell genome senses and responds to inflammation when the developmental and transcrip-
tional regulator GATAZ2 is limiting, which causes bone marrow failure in humans and mice
and predisposes to leukemia in humans. GATA2!°” murine progenitors are hypersensitive to
inflammatory mediators. We discovered that the hematopoietic transcription factor PU.1
conferred transcriptional activation in GATA2% progenitors in response to Interferon-v
and Toll-Like Receptor 1/2 agonists. In a locus-specific manner, inflammation reconfigured
genome activity by promoting PU.1 recruitment to chromatin or tuning activity of PU.1-pre-
occupied chromatin. The recruitment mechanism disproportionately required IKK S activity.
Inflammation-activated genes were enriched in motifs for RUNX factors that cooperate with
GATA factors. Contrasting with the GATA2 - RUNX1 cooperativity paradigm, GATA2
suppressed and RUNX1 promoted PU.1 mechanisms to endow the progenitor genome with

inflammation-sensing capacity.
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4.1 Introduction

Inflammation is vital for healing, yet dysregulated and/or excessive inflammation is dele-
terious to cells [2]. Inflammatory cytokines and chemokines activate cell-surface receptors,
instigating genomic and non-genomic mechanisms that control cellular biology and physiol-
ogy [2]. Given the numerous inflammatory mediators and effectors that impact chromatin
and transcription, and inflammation promoting bone marrow failure and leukemia [248-251],
it is instructive to consider how genomes sense and respond to inflammation. Although in-
flammation activates common transcription factors, e.g., NF-xB and AP1, there are many
unanswered questions regarding how inflammation impacts genome function.

We discovered that reducing the levels of GATA2, a hematopoietic transcription factor
essential for hematopoietic stem and progenitor cell (HSPC) development, activates genes
encoding diverse inflammatory components [13, 16, 52].  Although GATA2 is not recog-
nized as an inflammation-regulated transcription factor, oncogenic RAS/Mitogen-Activated
Protein Kinase induces GATA2 phosphorylation, increasing its transcriptional regulatory
activity [101, ]. In GATA2-deficient murine fetal progenitors (GATA2!°)  expression of
genes encoding Interferon-y (IFN+) receptor and Toll-Like Receptor (TLR) 1/2 and 2/6 is
upregulated, and their agonists induce transcriptional responses considerably greater than
in wild-type progenitors [13, 52]. Re-expressing GATA2 in GATA2!°* progenitors reduces
the elevated expression of inflammatory components [13, 16, 52]. Pathogenic variants are
defective in lowering the elevated inflammation-dependent transcriptional response [10, ,

|. Human GATA2 heterozygous genetic variation causes an immunodeficiency disorder
termed GATA2 Deficiency Syndrome involving a bone marrow failure and acute myeloid
leukemia (AML) predisposition [39, 10]. Gata2 heterozygous mice and compound heterozy-
gous mice with a human disease variant and enhancer-deleted allele, modeling epigenetic
silencing of the normal allele, are relatively normal in the steady-state, yet chemotherapy

or inflammation induces bone marrow failure [122, , ]. As inflammation promotes
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bone marrow failure and leukemia [32, 33], a leukemia predisposition variant combined with
genome hypersensitivity to inflammation may have critical pathogenic implications.

Analogous to GATA2 deficiency, bone marrow Granulocyte Macrophage Progenitors
(GMP) lacking the hematopoietic factor RUNX1 generate neutrophils with elevated TFN~
and TLR4 signaling [71, 72]. Germline RUNXI1 deficiency creates Familial Platelet Disorder
with a predisposition to myeloid malignancy [67, 68]. RUNX1 occupies loci encoding multi-
ple components of these pathways, and RUNXT1 loss increases accessibility of these loci [72].
The ETS-domain factor ETS Variant 6 (ETV6) functions as a repressor to control HSPC
function during stress hematopoiesis [131]. Germline ETV6 variants create a predisposi-
tion for acute lymphoblastic leukemia and thrombocytopenia [130]. An inhibitory ETV6
germline variant (R355X) elevates inflammatory gene expression in bone marrow of a mouse
model [131]. HSPC functional defects can be associated with upregulated inflammatory
components and may render cells hypersensitive to inflammatory mediators.

In GATA2% primary and ER-HOXBS8-immortalized (hi-) murine fetal progenitors, GATA?2
deficiency elevates activity of the ETS transcription factor PU.1 to induce a myeloid and
B lineage gene expression program, including inflammatory genes [16]. GATA2 and PU.1
can be antagonistic, and balancing their activities ensures normal hematopoiesis [100, ].
Genetic ablation of a Gata2 allele promotes AML instigated by another ETS factor ERG
in a transgenic mouse model, and GATA2 opposes ERG [92]. Although multiple lines of
evidence support GATA2-ETS antagonism, the importance of this mechanism for HSPC
genome sensing of inflammation is unknown.

To understand how transcription factor levels establish genome sensing and responsive-
ness to inflammation, we leveraged a system in which deletion of a Gata2 enhancer 77 kb
upstream of the promoter downregulates GATA2 by 75% in progenitors, including Com-
mon Myeloid Progenitors (CMP) and GMP [38, 13, 16, 52]. Herein, we elucidated the
mechanism underlying hypersensitivity of GATA2!" progenitors to inflammation by uti-

lizing GATA2* progenitors that express 50% less PU.1 and analyzing how these factors
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and IFN~-TLR1/2 signaling target the genome. The genome-sensing mechanism involved
inflammation-induced GATA2 and PU.1 recruitment to chromatin at a gene cohort and
constitutive GATA2 and PU.1 occupancy at another cohort. Contrasting with a GATA2-
RUNXT1 cooperativity paradigm, their opposing activities dictated PU.1-dependent genome
responses to inflammation, and they differentially conferred responses to qualitatively dis-

tinct inflammatory signals.

4.2 Toll-Like Receptor signaling contribution to GATA 2-
deficient hematopoietic progenitor levels and ac-
tivities

GATAZ2 deficiency in primary and immortalized fetal myeloerythroid progenitors upregulates
genes encoding IFN~ and TLR signaling pathway components, conferring hypersensitivity to
inflammation [13, 52]. Hypersensitivity is associated with reduced Granulocytic Progenitors
(GP) and increased Monocytic Progenitors (MP) with retention of monocytic differentia-
tion ex vivo [38, 13, 41]. The transcription factor Interferon Regulatory Factor 8 (IRFS)
functions downstream of IFN+~ signaling to promote monocytic differentiation [253, 254]. Ge-
netic ablation of Irf8 in Gata2 —77~/~ embryos counteracted the disproportionately high
monocytic differentiation [11]. Since GATA2 deficiency elevates IFN+- and TLR-induced
transcription [13, 52], we asked if attenuating the elevated TLR signaling of GATA2/
progenitors mimics [rf§ ablation to normalize lineage output. As Myeloid Differentiation
Primary Response 88 (MYD88) is an adaptor crucial for canonical permutations of TLR1/2
and TLR2/6 signaling [255, ], we ablated Myd88 to attenuate TLR signaling in vivo. We
generated —771/~: Myd88~—/~ mice and with two mating schemes generated —77+/%, =77/~
Myd88~/=, and —77~/~;Myd88~/~ E14.5 embryos to analyze signaling and progenitors (Fig.
4.1A).

—777/=:Myd88~/~ embryos were anemic with reduced liver size and cell numbers, re-
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Figure 4.1: Myd88 ablation does not normalize the disproportionately high mono-
cytic to granulocytic progenitor ratio of GATA2/Y mouse embryos. (A) Strategy for
attenuating TLR signaling. (B) Representative E14.5 embryos obtained from the mating schemes
in panel A. (C) Total cellularity of E14.5 fetal livers. (D) The expression of select genes was
quantitated using RT-qPCR. (E) The responsiveness of Tnf and Czcl10 to IFN~y and PamzCSKy
were quantitated using RT-qPCR. Statistics in (C) and (D) were one-way ANOVA with Tukey’s
multiple comparisons test and in (E) were multiple unpaired t-tests. (F) Quantitation of MP and
GP frequency within the Ly6C*t GMP population in E13.5-14.5 fetal liver obtained from 8 litters.
(G) Quantitation of progenitor populations in E14.5 fetal livers obtained from 7 litters. Error bars
for all plots represent mean + standard deviation (SD). * P < 0.05, ** P < 0.01, *** P < 0.001;
Welch’s unequal variance t tests. (H) Model depicting Irf8, but not Myd88, ablation reverses the
GP:MP imbalance resulting from Gata2 —77 enhancer deletion. Though levels of GPs and MPs
were reduced by Myd88 ablation, the ratio was not altered.
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sembling —77~/~ embryos (Fig. 4.1, B and C). In —77/~ fetal livers, Irf8, Tlrl, Tlr2, and
Tlr6 expression were elevated as described (Fig. 4.1D). MYDS88 loss in —77~/~ embryos did
not affect Gata2 expression or upregulated Irf8, Tirl, Tir2, and Tir6 expression. Myd88
ablation abrogated elevated TLR1/2 agonist (Pam3zCSK,)-induced activation (without or
with IFNv) of TLR and IFN~ target genes Tumor Necrosis Factor (Tnf) and C-X-C Motif
Chemokine Ligand 10 (Czcl10) in GATA2% Lin~ progenitors (Fig. 4.1E). Since MydS8
ablation blocked TLR1/2-activated transcription in —777/~ progenitors, we asked if this
reversed the GP:MP imbalance. Using CD115 expression, Ly6CT GMP were parsed into
GP and MP populations (Fig. 4.2, A and B). Unlike IRF8 loss, MYDS88 loss did not reverse
the GP:MP imbalance (Fig. 4.1F).

A Lin- Sca1-cKit* B Lin- Sca1-cKit*
i ] 77
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» 3 _77+/—
T Mydsg™|
i ] { 569 412
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Figure 4.2: Myd88 ablation does not affect the cellular composition of Gata2 —77/~
fetal liver. (A) Representative flow cytometry analysis of progenitor populations in E14.5 fe-
tal livers from —771/~ timed mating. (B) Representative flow cytometry analysis of progenitor
populations in E14.5 fetal livers from —771/~;:Myd88~/~ timed mating. Granulocyte Progenitors
(GP) and Monocyte Progenitors (MP) were distinguished from Granulocyte Monocyte Progeni-
tors (GMP) (Lin~Scal*cKit*CD34TCD16/32"9") by expression of Ly6C and from each other by
M-CSFR (CD115).

Since =777/~ and Myd88~/~ embryos had smaller livers, we tested if MYDS8 loss re-
duced total progenitor numbers. GATA2 deficiency increased CMP in fetal liver 1.8-fold
(P = 0.0081). MYDS8S8 loss decreased CMP 2.2-fold (P = 0.024) (Fig. 4.1G). CMP lev-



7

els were comparable in —77~/7;Myd88~/~ and wild-type littermates. Relative to wild-type
embryos, Megakaryocyte Erythroid Progenitors (MEPs) in —777/~ livers were 12-fold lower
(P < 0.0001). MYDS88 loss reduced MEPs 3.3-fold (P < 0.0001). MEPs were 37-fold
(P < 0.0001) lower in —77~/~;Myd88~/~ vs. wild-type. Thus, MYDS88 contributes to es-
tablishment and/or maintenance of MEPs in GATA2/? fetal liver. MYDS88 loss, with or
without —77 ablation, reduced the GMP population relative to wild-type (2.3-fold, P =
0.0087 and 1.8-fold, P = 0.0031, respectively). Ly6C~ GMPs were unaffected by —77 dele-
tion but decreased upon MYDS8S8 loss (2.3-fold, P = 0.012). Among the Ly6C* GMPs, GP
numbers decreased 2.8- (P = 0.0002) and 2.1-fold (P = 0.0028) upon GATA2 deficiency
and MYDSS loss, respectively. GP levels decreased an additional 7.1-fold (P < 0.0001) in
—777/7;Myd88~/~ vs. wild-type. Though MYDS8S8 loss reduced MPs 2.9-fold (P = 0.0121),
—777/=;Myd88~/~ MPs were comparable to wild-type and slightly less than —77~/~. These
studies indicated that compromising TLR signaling reduced GPs and MPs without normal-
izing the imbalanced GP to MP ratio of GATA2!% fetal livers (Fig. 4.1H), differing from
the ramifications of disrupting IFN~ function via IRF8 loss.

To determine if compromised TLR signaling impacts —77~/~ progenitor function, pro-
genitor activity was quantified with sorted E14.5 fetal liver CMPs and GMPs in a Colony-
Forming Unit (CFU) assay. By comparison to —777/* CMPs, —77~/~ and Myd88~/~
CMPs produced fewer (1.9-fold, P = 0.0097 and 2.0-fold, P = 0.007, respectively) CFU-
Granulocyte (CFU-G) colonies (Fig. 2A). CFU-G generation from —77~/~; Myd88~/~ CMPs
was even lower (5.2-fold, P < 0.0001) (Fig. 4.3A). These results were concordant with re-
duced GPs detected by flow cytometry (Fig. 4.1G). Thus, GATA2 and MYDS88 collectively
increased CMP-derived CFU-G. —77 deletion abrogated GMP-derived CFU-G, and MYDS88
loss did not further affect CFU-G or elevated CFU-Monocytes (Fig. 4.3B). GATA2 defi-
ciency abrogated CMP-derived CFU-Granulocyte, Erythrocyte, Monocyte, Megakaryocyte
(CFU-GEMM), and MYDS8S loss did not affect CFU-GEMM (Fig. 4.3A). Individual or dual
ablation of Gata2 —77 and MYDS8S8 did not affect CMP- or GMP-derived CFU-Granulocyte
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Monocyte (CFU-GM) (Fig. 4.3). Analyses with the —77~/~;Myd88~/~ model, combined
with our prior Irf8 =/~ analysis, revealed differential importance of distinct inflammatory

mechanisms (IFNy vs. TLR pathways) for the lineage output of GATA2% fetal livers.
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Figure 4.3: Toll-Like Receptor signaling promotes hematopoietic progenitor granu-
lopoietic activity in GATA2" mouse embryos. Quantitation of colonies from sorted CMP
(A) and GMP (B) (5 liters) plated in M3434 Methylcellulose media at 500 cells/plate. Colonies
were enumerated for eythroid, granulocyte, and monocyte content as CFU-GM, CFU-G, CFU-M,
or CFU-GEMM. Error bars for all plots represent mean + standard deviation. Statistics: Welch’s
unequal variance t-tests. * P < 0.05, ** P < 0.01, *** P < 0.001.

4.3 Distinct GATA2 and PU.1 activities confer inflam-
mation-induced transcriptional responses

Though GATA2, IRF8, and MYDS88 control critical aspects of myeloid progenitor develop-
ment and/or function, our analyses described above revealed functional differences between

IRF8 and MYDS8, and mechanistic relationships are unresolved. GATA2 deficiency elevates
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activity of the hematopoietic transcription factor PU.1 to promote myeloid and B-lineage
expression programs without affecting PU.1 levels [16]. IRF8 and transcription factors ac-
tivated by IFNvy and TLR signaling, such as NF-xB, and AP1, can co-occupy chromatin
with PU.1 [257-259]. Analysis of GATA2!" progenitor transcriptomes revealed that genes
activated by MYD88-dependent inflammatory signaling harbor motifs for signal-dependent
factors and lineage-determining factors, including ETS motifs bound by PU.1 [52]. We hy-
pothesized that PU.1 functions in inflammatory mechanisms involving GATA2, IRFS, and
MYDSS.

To establish if PU.1 is essential, contributory, or not required for IFN~- and TLR1/2-
mediated genomic responses, we utilized GATA2- and PU.1-deficient (hi—77~/~;Spil URE~/7)
fetal progenitors (Fig. 4.4A). Expression of Spil, encoding PU.1, is controlled by a -14
kb enhancer (Upstream Regulatory Element = URE) [9%, ]. Spil URE deletion re-
duced Spil expression (Fig. 4.4B) 3.8-fold (P < 0.001) and PU.1 (Fig. 4.4C) 2.1-fold
(P < 0.0001). Although Gata2 mRNA was unaffected, GATA2 protein increased 1.8-fold
(P = 0.0084) in hi—77"/7;Spil URE~/~ vs. hi—777/~ cells. hi—777/~ (GATA2"") and
hi—777/7:8pi1 URE~/~ (GATA2!°*PU.1"") progenitors were treated with vehicle, IFN+,
TLR1/2 agonist Pam3zCSKy, or both agents for 4 h, and RNA-seq analysis was conducted
(Fig. 4.4A). As an additional control, hi—77*/* (wild-type) progenitors were treated with
or without both agents. Principal component analysis revealed reproducible RNA-seq data
from four biological replicates (Fig. 4.5A).

To determine the PU.1 contribution to TLR1/2-regulated transcription, we compared
Pam3CSK;-induced differentially expressed genes (DEGs) between GATA2!°* and GATA2!®
PU.1" progenitors. PamsCSK, activated 33 genes in GATA2% cells, and lowering PU.1
ablated responses of 27 of these genes (Fig. 4.4D). Gene Ontology (GO) revealed that these
PU.1-activated genes are linked to inflammatory response, cellular response to Lipopolysac-
charide (LPS), and negative regulation of IxB kinase/NF-xB signaling (Fig. 4.5B). Though

six TLR-regulated genes retained regulation in GATA2°“PU.1/°% progenitors, the magni-
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Figure 4.4: Genome sensing of inflammatory stimuli in GATAZ2/°” progenitors.
(A) Strategy for gene expression analysis. hi—771/* (wild-type), hi—77~/~ (GATA2/") and
hi—77~/7;Spi1 URE~/~ (GATA2!°*PU.1/") progenitors were treated with vehicle, IFN~vy (1
ng/ml), Pam3CSK, (100 ng/ml), or both for 4 h (n = 4). Total RNA was isolated for RNA-
seq. (B) RT-qPCR analysis of Gata2 and Spil expression (n = 4-6). (C) Left, representative
Western blot of GATA2 and PU.1. Right, densitometric analysis of band intensities normalized
to the loading control S-Actin (n = 4). Statistics in (B) and (C): One-way ANOVA with Tukey’s
multiple comparisons test. * P < 0.05, ** P < 0.01, *** P < 0.001. (D to F) Left, overlap
of activated differentially expressed genes (DEGs) in GATA2/Y and GATA2°“PU.1/% cells in
response to Pam3CSKy (D), IFN~v (E), and both agents (F). Right, heat map depicting expression
of activated DEGs in response to Pam3CSKy (D), IFNy (E), and both agents (F) and presented as
Z-scores of Transcripts per Million (TPM). Each section of the heatmaps in (D-F) corresponds to
each section of Venn diagrams in the same order. (G) TLR gene (Tir1, Tir2) and IFN+y receptor
subunit (Ifngri, Ifngr2) expression in GATA2!" and GATA2!°“PU.1°" progenitors.
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Figure 4.5: Biological processes regulated by inflammation in GATA2/PU.1-deficient
progenitors. (A) Principle component analysis showing the segregation of transcriptomes for
wild-type, GATA2!"  and GATA2/°PU.1"% in response to inflammatory mediators. (B) Top cat-
egories with statistical significance from Gene Ontology (GO) analysis of TLR1/2-activated genes
in GATA2" progenitors using DAVID Bioinformatics Resources (https://david.ncifcrf.gov). (C)
Repressed DEGs overlapping between GATA2/% and GATA2!°YPU.1%% progenitors in response
to IFN~. (D) Top categories with statistical significance from GO analysis of [IFN~-activated genes
only in wild-type, only in GATA2"  or in both progenitors. (E) Repressed DEGs overlapping be-
tween GATA2!°% and GATA2!°“PU.1"% progenitors in response to inflammation. (F) Transcript
levels of 148 genes activated by inflammation in GATA2"PU.1° versus GATA2" progenitors.
Data were presented as logo[(GATA2YPU.1% (combo) vs GATA2" (combo)]. Colored bars
indicate the differential magnitude of responses with P < 0.05 by unpaired two-tail Student’s t-
tests.
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tude of Pam3sCSK,-induced expression was lower in GATA2°YPU.1%% vs. GATA2% cells
(Fig. 4.4D). PU.1 is therefore essential for TLR1/2-induced transcription in GATA2'®
progenitors.

Contrasting with TLR responses, reducing PU.1 in GATA2"% progenitors did not alter
responses of 115 IFNv-activated genes, 87% of which were induced to a similar magnitude
in GATA2% and GATA2!°*PU.1%% cells (Fig. 4.4E). Twenty-nine genes lost responsive-
ness to IFNy in GATA2°"PU.1%°% vs. GATA2" cells, reflecting their dependence upon
PU.1 concentration (Fig. 4.4E). IFN~ repressed a small number of genes in GATA2% and
GATA2“PU. 1% cells (Fig. 4.5C). GO analysis revealed that the PU.1-activated genes are
linked to negative regulation of biological processes, innate immune response, viral genome
replication, and RNA Polymerase II transcription (Fig. 4.5D). IFN~ signaling activated
38 genes in GATA29PU.1%% cells that were not activated in GATA2% cells (Fig. 4.4E).
Lowering PU.1 impaired transcriptional responses of certain, but not all, IFN~-activated
genes in GATA2!°" progenitors.

Since lowering PU.1 in GATA2° cells decreased TLR1/2- and attenuated IFN~-mediated
transcription, we hypothesized that GATA2/°*PU.1%% progenitors might respond to IFN~y
and TLR1/2 agonist similarly to IFN~ alone. Reducing PU.1 decreased responses of 69 genes
and conferred responsiveness of 42 genes that were not activated in GATA2!Y cells (Fig.
4.4F). Though TLR signaling did not repress genes, the combined signaling repressed twofold
(in GATA2!°*PU.1!") to fourfold (in GATA2!") more genes vs. IFN~ signaling alone (Fig.
4.5E). Reducing PU.1 did not alter the responsiveness of 148 genes to inflammation (Fig.
4.4F). Among these genes, 33 (22%) were induced to a greater extent, and 24 (16%) induced
less in GATA2!°“PU.1%" vs. GATA2°" progenitors (Fig. 4.5F). To test if altered TLR1/2
and IFN~ responses reflect dysregulation of the respective receptors, we quantified receptor
mRNA levels. Lowering PU.1 abrogated upregulated Tir! and TIr2 expression without
affecting Ifngrl and Ifngr2 (Fig. 4.4G). Thus, inflammation-activated genes in GATA2!®

progenitors can be sensitive or insensitive to PU.1. Furthermore, the defective responses are
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associated with reduced Tlr! and Tlr2 expression.

Our prior study revealed synergistic IFN+ and TLR responses to induce cytokine/chemokine
expression and production in GATA2% progenitors [52], but the mechanisms were not elu-
cidated. To determine if PU.1 mediates synergistic responses in GATA2" progenitors, we
asked if reducing PU.1 disrupts synergism. Among 217 IFNv- and Pam3zCSKy-activated
genes, 178 genes were regulated synergistically (Fig. 4.6A). GATA2 repressed the response
of 79 of these genes. Parsing the genes based on PU.l-mediated activation, -repression, or
-insensitivity revealed cohorts with unique behaviors (Fig. 4.6B).

Tumor Necrosis Factor Receptor Superfamily Member 5 (Cd40 or Tnfrsf5), which was
highly activated by inflammation in GATA2!" vs wild-type cells, exemplifies a GATA2-
repressed, PU.1-activated gene that responds synergistically to the two factors. In a pro-
teomic study, the ligand of CD40 receptor (CD40L) was detected in serum of GATA2 De-
ficiency Syndrome patients [10]. Reducing PU.1 by ~50% attenuated Cd40 expression to
levels resembling wild-type cells (Fig. 4.6B). By contrast, the Interferon-activated, GATA2-
repressed gene Ifi204 was elevated further in GATA2YPU. 1% vs GATA2" cells, indicating
a PU.1-dependent repression mechanism (Fig. 4.6B). Members of the Guanylate Binding
Protein (GBP) family are Interferon-inducible genes encoding proteins that protect cells
from pathogens [220, |. GATA2 represses, and IFNv and TLR synergistically induce
Gbp genes. Gbps encodes an activator of NLRP3 inflammasome assembly [225], and resem-
bling Cd40, PU.1 promotes the transcriptional response (Fig. 4.6B). PU.1 repressed Gbp6,
which was expressed in GATA2°“PU.1%% cells greater than GATA2 cells (Fig. 4.6B).
Reducing PU.1 did not affect inflammation-induced Gbp2 and Gbp7 expression (Fig. 4.6B).
Inflammation responsiveness of these genes was also detected in primary Lin™ progenitors
from —777/* and —777/~ E14.5 fetal livers (Fig. 4.6C). These studies demonstrated that
PU.1 mediates a subset of inflammation-induced transcriptional responses in GATA2!" pro-

genitors.
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Figure 4.6: Molecular determinants of inflammation-activated transcriptional re-
sponses. (A) GATA2-repressed genes that were activated synergistically in GATA2" cells
by IFNv and PamsCSK, were parsed into PU.1l-activated, PU.1-repressed, and PU.l-insensitive
cohorts. The synergistic genes were defined as inflammation-activated DEGs with a larger
|loga(fold change)| in combination vs. vehicle than that of IFNvy vs. vehicle and Pam3CSKy
vs. vehicle. (B) Top, models depicting different modes of regulation of signal-dependent genes
by GATA2 and PU.1. Bottom, RT-qPCR analysis of representative synergistic genes were quanti-
tated with RT-qPCR (n = 4). (C) The responsiveness of prioritized synergistic genes in primary
lineage-depleted progenitors isolated from E14.5 fetal livers of —77t/% (n = 6) and =77/~ (n =
4) embryos (pooled from three liters). Statistics in (B) and (C): multiple unpaired t-tests. * P <
0.05, ** P < 0.01, *** P < 0.001.
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4.4 Mechanisms underlying genome sensing of inflam-
mation

How does PU.1 mediate IFN7- and TLR-regulated genomic responses in GATA2% pro-
genitors? PU.1 might occupy inflammation-regulated loci independent of inflammation,
with signal-dependent steps occurring post-chromatin occupancy. Alternatively, PU.1 might
be excluded from loci in the steady-state, and inflammation might promote PU.1 chro-
matin occupancy. We tested these models using Cleavage Under Target and Tagmentation
(CUT&Tag) [169, 170] to establish GATA2 and PU.1 chromatin occupancy in hi—77+/*
hi—777/=, and hi—777/7;Spi1 URE™/~ cells without or with inflammation (Fig. 4.7A).
H3K4me3 was used to detect active promoters [261, 262], with Immunoglobulin G (IgG)
as a negative control. To establish if GATA2 deficiency impacts GATA2 and PU.1 chro-
matin occupancy, we compared the average of normalized CUT&Tag signals from -2 kb
upstream of the Transcription Start Site (T'SS) to 1 kb downstream of the 3’-end of the
gene at 217 inflammation-induced DEGs with wild-type, GATA2!°* and GATA2wPU.1low
cells. GATA2 occupancy was detected in wild-type cells and reduced in GATA2!¥ cells
(Fig. 4.8A). Lowering PU.1 in hi—777/~ restored GATA2 occupancy to levels resembling
wild type. Thus, PU.1 restricts GATA2 occupancy. PU.1 occupancy was indistinguishable
in all cell types (Fig. 4.8A).

To determine if inflammation influences PU.1 chromatin occupancy in GATA2/

progen-
itors, we compared PU.1 CUT&Tag median signals at 217 inflammation-activated loci in
GATA2" progenitors without or with inflammation (Fig. 4.7B). Since the PU.1 CUT&Tag
signals were highest near the TSS (Fig. 4.8A), we analyzed PU.1 occupancy from 1 kb up-
stream to 1 kb downstream of the T'SS. This analysis revealed that inflammation increased
PU.1 occupancy at 53 loci (Fig. 4.7, B and C). By averaging PU.1 signals from four biological

2low

replicates, the range of signals at these loci in inflammation-treated GATA progenitors

was higher than the unstimulated control (Fig. 4.7D). Among 217 inflammation-activated
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Figure 4.7: Locus-specific mechanisms of inflammation-sensing in GATA2/Y progen-
itors. (A) Schematic depicting the chromatin occupancy analysis. (B) Comparison of median
PU.1 (left) and GATA2 (right) CUT&Tag signals at 217 differentially expressed genes (DEGs)
in untreated vs inflammation-activated GATA2% and wild-type cells, respectively. DEGs were
colored by their cluster identities. The median signal is the median of signals from 1 kb upstream
to 1 kb downstream of the Transcription Start Site (TSS) of each DEG (n = 4). (C) Heatmaps de-
picting PU.1 CUT&Tag signals in untreated vs inflammation-treated wild-type (WT), GATA2!w
(Glew), and GATA2!°PU.1%% (GP™) progenitors. DEGs were ranked by their logs(fold change)
based on RNA-seq data of GATA2!°" (inflammation vs vehicle). (D) Range of signals for three
categories of DEGs. The range is defined by the average signals of the four replicates from the
same condition and presented as lines in the figure. Average signals are calculated over [TSS —
1 kb, TSS + 1 kb] with a bin width of 100 bp. (E) Representative CUT&Tag profiles (replicate
2) at select loci. (F) Model of signal-dependent GATA2 and PU.1 occupancy at inflammation-
activated genes in GATA2/Y progenitors. (G) Model depicting GATA2 and PU.1 pre-occupancy
at inflammation-activated genes.




87

GATAZ2 occupanc
A hi=77+ hi 77-'-p ’ hi—77--:Spi1TURE™- Bno PU.1 occupancy
2 a3 30 30 - (PU.1 CUT&Tag)
]
5 25 25 25
N 20 20 20 e
c" [F830016B08Rik |
& 15 15 15
o3 10 10 10
5 S5k o 5 5 — vehicle (1
) = A — vehicle (2
0 0 0 — vehicle (3
T ~2kb  TSSTES 1kb-2kb  TSSTES 1kb -2kb  TSS TES 1kb vehicle (4
N PU.1 occupancy — inflammation (1
T hi—77+ hi—77-- h77-.SpifURE_ | Inflammation {2
5 30 30 30 — inflammation (4
Z 25 25 25
— a0
(@] 20 20 20 9930111JT[211R:I<2
g 15 15 15 i
g 10 10 10
> 5 5 5
< % 0 0
—2kb  TSS TES 1kb —2kb  TSS TES 1kb —2kb  TSS TES 1kb
C [TSS - 0.5kb, TSS + 0.5kb] 20 [TSS — 1kb, TSS + 1kb]
60 , JCel3,
Celz 7 /
¢ ’ 30 Slfn5. Cd69 ’ PU.1 occupancy
°Cd69 7 s e gene cohorts
40{ sims , o “ .
oo Cdd0 'Y defined by
i P 201 Ve gf. 0 [TSS—1kb; TSS+1kb] :
L X ° e
—~20] - o ] 2 . - o @inflammation-induced 5430427019R%
8 10  ° e inflammation-independent i
= € =Cd40 @Nno occupancy infl a‘ﬁ";’_ I
© Gbp5 Gbp5 puune e
E 0 0 WT GIowGPIow
© 0 20 40 60 0 10 20 30 40
€ CUT&Ta
= [TSS - 2kb, TSS + 2kb] [TSS — 5kb, TSS + 5kb] g
T Ccel3 ° 0 5 10
L 20 7/ Slfn5 e
R' °// 10 CC/?J/ RNA: log FC
e 7/ -seq |0g
£ 15 ¢ o Cd40 , =<
. (0\./0 1.2 3 4 5
10 °;
ol Cd69 5
5
0 0
0 5 10 15 20 0 5 10

hi-77- (Vehicle)

Figure 4.8: GATA2 and PU.1 occupancy at 217 inflammation-induced genes.

(A)

GATA2 (top) and PU.1 (bottom) occupancy at 217 differentially expressed genes (DEGs) in wild-
type, GATA2" and GATA2"PU.1/°" with or without inflammation are depicted as line plots
from 2 kb upstream of the Transcription Start Site (TSS) to 1 kb downstream of the 3’-end

of the gene (TES: Transcription End Site).

Each line represents a biological replicate.

(B)

Heatmap depicting PU.1 CUT&Tag signals in untreated vs inflammation-activated GATA2®
cells in inflammation-activated genes with no PU.1 occupancy. (C) Comparison of median PU.1
CUT&Tag signals at 217 DEGs in untreated vs inflammation-activated GATA2/Y cells using dif-
ferent intervals, including 0.5 kb, 1 kb, 2 kb, and 5 kb around the TSS (n = 4). DEGs were colored
by their cluster identities as in [TSS — 1, TSS + 1] interval. Representative genes are indicated.



88

loci, PU.1 occupied 87 genes, and inflammation did not affect occupancy (Fig. 4.7, B to
D). PU.1 occupancy was undetectable at 77 loci regardless of inflammation, suggesting that
PU.1 regulates transcription at these loci indirectly, or occupancy cannot be detected (Fig.
4.7, B and D, and Fig. 4.8B). We also conducted the analysis using ranges from 0.5 kb, 1 kb,
2 kb, and 5 kb surrounding the TSS. The 0.5 kb and 2 kb interval analyses revealed results
resembling the 1 kb interval (Fig. 4.8C). The 5 kb interval analysis revealed smaller PU.1
CUT&Tag signals with a reduced signal to noise. However, this analysis also identified genes
with inflammation-induced vs inflammation-independent PU.1 occupancy. Using these gene
cohorts, we asked if inflammation influences GATA2 occupancy. By comparing the median
of GATA2 CUT&Tag signals between unstimulated vs. inflammation-treated wild-type cells,
inflammation increased GATA2 occupancy at most genes with inflammation-increased PU.1
occupancy (Fig. 4.7, B and D, and Fig. 4.9A). Similarly, GATA2 pre-occupied most genes
with PU.1, and inflammation increased GATA2 occupancy.

As Cd40 and Gbp5 exemplify inflammation-activated genes activated synergistically by
IFNy and TLR1/2 (Fig. 4.6, B and C), we tested how inflammation affected GATA2
and PU.1 occupancy at these loci. In the steady state, GATA2 and PU.1 did not occupy
Cd40 and Gbp5 (Fig. 4.7E). Inflammation induced GATA2 and PU.1 occupancy at the
promoters in wild-type and GATA2% progenitors (Figs. 4.7, C and E). The ~75% reduction
in GATA2 resulting from —77 enhancer deletion (GATA2% Fig. 4.4C) increased PU.1
occupancy relative to wild-type, and the ~50% PU.1 reduction in GATA2°*PU.1%* (Fig.
4.4C) reduced PU.1 occupancy to resemble wild type (Fig. 4.7E). H3K4me3 was enriched
at active promoters, complementing the Cd/0 and Gbp5 expression data. Inflammation
increased H3K4me3 in wild-type and GATA2 cells, and lowering PU.1 reduced H3K4me3
in response to inflammation (Fig. 4.7E). Inflammation is therefore required for GATA2 and
PU.1 to occupy an inflammation-activated gene cohort (Fig. 4.7F).

Ccl3 and Cd69 exemplify inflammation-activated genes pre-bound by PU.1 (Fig. 4.7C).

Ccl3 encodes Macrophage Inflammatory Protein 1 Alpha, which is elevated in patients with
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Figure 4.9: Selective basal expression of inflammation-activated loci with pre-bound
PU.1. (A) Heatmaps depicting GATA2 CUT& Tag signals in untreated vs inflammation-activated

wild-type (WT), GATA2% (G'%), and GATA2!°*PU.1/w (GP") progenitors. 217 DEGs were

clustered as inflammation-induced, inflammation-independent, and no PU.1 occupancy, and ranked
by their logz(fold change) based on the RNA-seq data of GATA2% (inflammation) vs GATA2/ v
(vehicle). (B) Violin plot depicting the RNA-seq loga(fold change) (inflammation vs vehicle) be-
tween genes with inflammation-induced PU.1 occupancy and genes pre-bound by PU.1. Student’s
unpaired t-test. **** P < 0.0001. (C) Expression profiles of top-ten genes with inflammation-
induced PU.1 occupancy (top) or genes with inflammation-independent PU.1 occupancy (bottom)
from RNA-seq data (n = 4). TPM, Transcripts per Million.
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Myeloproliferative Neoplasm [263, |, and Cd69 encodes a membrane protein important
in lymphocytes [205, |. In the steady state, GATA2 and PU.1 occupied Ccl3 and Cd69
promoters, and inflammation did not affect GATA2 and PU.1 occupancy in wild-type pro-
genitors (Fig. 4.7E). GATA2 deficiency reduced GATA2 and elevated PU.1 occupancy at
these loci, and lowering PU.1 restored GATA2 and PU.1 occupancy to wild-type levels (Fig.
4.7E). GATA?2 deficiency elevated PU.1 occupancy at the Ccl3 promoter, and lowering PU.1
decreased PU.1 occupancy to levels resembling wild-type. Thus, GATA2 and PU.1 occupy
select inflammation-activated loci independent of inflammation, and inflammation-activated
transcription occurs post-chromatin occupancy at these loci (Fig. 4.7G).

What attributes distinguish the two modes of GATA2 and PU.1 function vis-a-vis inflam-
mation-induced transcription? Comparing the magnitude of inflammation-induced tran-
scription at genes exhibiting inflammation-induced PU.1 occupancy with PU.1-pre-bound
genes revealed that genes regulated to the greatest extent exhibited inflammation-induced
PU.1 occupancy (Fig. 4.7C and Fig. 4.9B). By contrast, most PU.1-pre-bound genes were
less responsive to inflammation (Fig. 4.7C and Fig. 4.9B). We hypothesized that chro-
matin at pre-bound loci is accessible, and these loci are active in the basal state with-
out inflammation, even though inflammation increased transcription. Chromatin at loci in
which inflammation increases PU.1 occupancy would be inaccessible in the basal state, and
these loci would require inflammation for transcription. To test this hypothesis, we ana-
lyzed chromatin accessibility in GATA2!% progenitors using our previously described Assay
for Transposase-Accessible Chromatin using Sequencing (ATAC-seq) data (GSE201968).
Comparing accessibility of the top 10 genes [based on RNA-seq logs(fold change)] with
inflammation-induced PU.1 occupancy to the top 10 PUl-pre-bound genes revealed 9/10
genes in the former group had closed chromatin in GATA2!°* progenitors (ATAC-seq sig-
nals < 0.5 in four replicates); the sole exception was Cd/0 (Fig. 4.10A). By contrast,
9/10 PU.1-pre-bound genes (except Ifi47) exhibited open chromatin in the basal state in
GATA2" progenitors (Fig. 4.10A). The average ATAC-seq signal from the top 10 genes
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exhibiting inflammation-induced PU.1 occupancy was significantly (P = 0.0002) lower than
the top 10 genes with inflammation-independent PU.1 occupancy (Fig. 4.10B). The top 10
genes with inflammation-induced PU.1 occupancy were not expressed in the steady state
(Fig. 4.9C) and had increased H3K4me3 upon inflammation (Fig. 4.11). By contrast,
the top 10 PU.1-pre-bound genes were expressed at varying levels in the basal state (Fig.
4.9C). Among them, 9/10 had H3K4me3 in the uninduced state, and inflammatory signaling
did not further increase H3K4me3 (Fig. 4.11). Ccl8 and Cd69 promoters were active in
the basal state, and inflammation did not affect H3K4me3 at these loci (Fig. 4.7E). In-
flammation increased H3K4me3 at Cd40 and Gbp5 promoters, correlating with increased
GATA2 and PU.1 occupancy upon inflammation (Fig. 4.7E and Fig. 4.11). Thus, genes
with inflammation-induced GATA2 and PU.1 occupancy are inaccessible in the steady state,
and inflammation increases occupancy to activate transcription. At other loci, GATA2 and
PU.1 pre-occupied active genes, and inflammation further increased transcription. Many
PU.1-pre-bound genes are located distally on chromosomes, and some reside in clusters e.g.,
Ccl loci on chromosome 11 (Fig. 4.12). Several GBP family members exhibit inflammation-
induced PU.1 occupancy and cluster on chromosome 3. The sex chromosomes are devoid
of inflammation-activated genes, save 5430427019Rik, encoding TLR Adaptor Interacting
with Endolysosomal SLC15A4 protein [267].

Since chromatin at PU.1-pre-bound genes without inflammation was more accessible than
at genes with inflammation-induced PU.1 occupancy, presumably, other transcription factors
and chromatin regulators are also prebound before inflammation. Genes with inflammation-
induced PU.1 occupancy might require inflammation-activated transcription factors e.g.,
NF-xB, for inflammation-dependent factor loading, while PU.1-pre-bound genes might not
require inflammation-activated transcription factors for PU.1 occupancy, chromatin transi-
tions, and/or activation. We asked if antagonizing inflammation-induced NF-xB activation
compromises the regulation of one or both gene cohorts. BMS-345541 binds IKKS with a

dissociation constant (K,) of 130 nM, while having a very low affinity for other kinases (K,
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Figure 4.10: Distinct molecular hallmarks of inflammation-activated genes with
inflammation-induced or -independent PU.1 occupancy. (A) ATAC-seq (GSE201968) pro-
files depicting chromatin accessibility of the top 10 genes with inflammation-induced (left) and
inflammation-independent PU.1 occupancy (right) (CUT&Tag replicate 2) in vehicle-treated (—)
and inflammation-treated (+) GATA2!% cells. (B) Comparison of average ATAC-seq signals from
n = 4 in (A). (C) Dose-response curve of three representative genes with inflammation-induced
vs. inflammation-independent PU.1 occupancy to IKK/f inhibitor BMS-345541 (n = 6, mean +
SEM). IC5q for each gene was calculated using Nonlinear Regression. Cd69 1C5o was uncalculated.
(D) The IC5¢ of genes with inflammation-induced PU.1 occupancy was compared to those of genes
with inflammation-independent occupancy. Unpaired t-test in (B) and (D) and multiple unpaired
t-test in (C). * P < 0.05, ** P < 0.01, *** P < 0.001.
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Figure 4.11: Selective enrichment of H3K4me3 at inflammation-activated loci with
pre-bound PU.1. Representative H3K4me3 CUT& Tag profiles (replicate 1) at the top ten genes
in wild-type (WT), GATA2!°w (Glow) and GATA2°*PU.1%% (GP!") progenitors without (—) or
with (+) inflammation.
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Figure 4.12: Chromosomal distribution of the 217 inflammation-activated genes. (A)
Genomic locations of inflammation-activated genes are depicted for mouse chromosomes. Genes are
colored by their regulatory modes. (B) The number of genes per chromosome. These genes were
used to quantify RNA-seq data. (C) The number of inflammation-induced genes per chromosome
expressed as a percentage.
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> 1,000 nM) [268, 269]. GATA2% progenitors were treated with increasing concentrations
of BMS-345541 for 1 h, followed by IFNvy and Pam3;CSK, for 4 h. Wild-type cells, with or
without IFN~y and Pam3zCSKy, served as negative controls. Genes exhibiting inflammation-
induced PU.1 occupancy (Cd40, Gbp5, and ligpl) were very sensitive to BMS-345541 at 1
and 5 pM, whereas PU.1-pre-bound genes (Ccl3, Cd69, and Tnf) were insensitive to BMS-
345541 at these concentrations (Fig. 4.10, C and D). As another IKK/ inhibitor, IKK16
[270], also distinguished the inflammation-activated gene cohorts (Fig. 4.13), IKKS ac-
tivity is disproportionately important for the gene cohort requiring inflammation for PU.1

chromatin occupancy.

A inflammation-induced PU.1 occupancy B 1o IC,,
1200540 3000 CPPY __ so00—tOPT = =
= * k% =
wr o 10,=0.17uM e soool ., 1C,;=0.50uM = 08l % ]
o 800 2000 *kk : ek =
= ek ke Fkk 4000} [{e]
5 & kil § 0 4 ¥
3 400 1000'|050=0.51MM w« Tooool " < o4t ]
2 0 ]~ 0 o
o 0 0.050105 1 10 00.050.105 1 10 0 0.050.105 1 10 0.0L———
& IKK16 (uM) IKK16 (uM) IKK16 (uM) PU.1: recruited pre-bound
Y inflammation-independent PU.1 occupancy
0
& 25— I3 20 G609 g5 Tnf
> D0} woene *x¥ KE Icso=0-78MM** |C50=0-95MM
< 15 10 *kk %%
Z 15 L
% 10 *x
IC,,=0.82uM \,, 5t
5
0

0 : s
0 0.050105 1 10 0 0 0.050.10.5 1 10 0 0.050.105 1 10
IKK16 (uM) IKK16 (uM) IKK16 (M)

W hi-77** (vehicle) Ohi=77+* (inflammation) ® hi—77-- (vehicle) O hi—77-+ (inﬂammation)l

Figure 4.13: Differential sensitivity to IKK/S inhibitor IKK16 of genes with
inflammation-induced PU.1 occupancy versus PU.1-pre-bound genes. (A) IKK16 dose-
response curves of three representative genes from inflammation-induced PU.1 occupancy and
inflammation-independent PU.1 occupancy. GATA2/% progenitors were pretreated with increas-
ing concentrations of IKK16 for 30 minutes and were treated with a combination of IFN~ (1
ng/ml) and Pam3zCSKy (100 ng/ml) for 4 h (n = 3-12). Wild-type treated with or without IFN~y
and Pam3CSKy served as negative controls. ICsg for each gene was calculated using nonlinear
regression. (B) The IC5g of genes with inflammation-induced PU.1 occupancy and those with
inflammation-independent PU.1 occupancy were compared. Data were presented as mean + SEM.
Multiple unpaired t-test in (A) and unpaired t-test in (B). * P < 0.05, ** P < 0.01, *** P < 0.001.
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4.5 Inflammation reveals opposing functions of hema-
topoiesis regulatory proteins

Our comparison of transcriptomes from progenitors with normal and reduced GATA2 levels
revealed genes activated by inflammation in GATA2% progenitors are enriched in mo-
tifs that bind signal-dependent transcription factors and RUNX motifs [52]. To determine
if GATA2 antagonizes other transcription factors to regulate inflammation-induced tran-
scription, we used Multiple Expectation Maximizations for Motif Elicitation (MEME) [271]
to perform motif enrichment analysis at promoters and introns of inflammation-activated
genes from our RNA-seq data (Fig. 4.14A). IFN~ signaling utilizes members of the Signal
Transducer and Activator of Transcription family and Interferon Regulatory Factor fam-
ily, while TLR signaling utilizes NF-xB to regulate transcription [17-21]. Motifs that bind
these factors were enriched at inflammation-activated genes (Fig. 4.14B and Fig. 4.15,
A and B). RUNX motifs were absent from promoters of genes activated in wild-type and
enriched in GATA2!" progenitors. RUNX motifs were not enriched at genes activated in
GATA2!°vPU.1"% progenitors (Fig. 4.14B). Find Individual Motif Occurrences [272] anal-
ysis revealed that among 217 inflammation-activated DEGs in GATA2 cells, 70 genes
harbored RUNX motifs in promoters. Motifs for the TAL-related factor NHLH1 (HENT),
DMRTBI1, Hairy-related factor BHLHE40 (BHE40), ETS factor ELK1, and NF-kB sub-
units were also enriched (Fig. 4.14B). RUNX1, RUNX2, and RUNX3 motifs were enriched
in introns of wild-type, GATA2? and GATA2°*PU.1/°" cells in response to inflamma-
tion. ELK1 and HEN1 motifs were enriched in introns of GATA2!"_ but not wild-type and
GATA2vPU. 1% cells (Fig. 4.14B). The progenitors expressed Runzl, but not Elk1, Henl,
Runx2, and Runx3.

Since RUNX1 and GATA2 can co-localize on chromatin, it is assumed that they func-
tion collectively [43, , |. However, inflammation-activated genes harboring RUNX

motifs were not induced in progenitors expressing normal GATA2 levels; the response
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Figure 4.14: Inflammation imparts opposing GATA2 and RUNX1 mechanisms. (A)
Schematic of promoters and introns used for motif enrichment analysis. (B) Heatmap showing motif
enrichment at promoters (top) and introns (bottom) of inflammation-activated genes in wild-type,
GATA2!" and GATA2!°“PU.1%% cells. Motifs binding canonical inflammation-activated STAT,
IRF, and NF-xB are presented as positive controls. Motifs enriched in GATA2!" but not wild-type
or GATA2°YPU. 1! progenitors were ranked based on —logio(P value) and a P cutoff of 0.005.
Motifs with adjusted P > 0.05 were set to 1. (C) Schematic depicting positions of guide RNA for
CRISPR/Cas9 tool to delete Runzl gene in GATA2!" progenitors. (D) PCR-based genotyping
assay for Runzl~/~ allele in hi—77~/~ progenitors. Two hi—77/~;Runzl /= clonal lines are
denoted as Cl and C2. (E) Runzl, Gata?2, and Spil expression (n = 4). (F) Representative
Western blot analysis of RUNX1 with §-Actin as a control. (G) The responsiveness of genes to
IFNv and Pam3CSKy was quantified using RT-qPCR (n = 4-6). Statistics in (E) and (F): One-way
ANOVA with Tukey’s multiple comparisons test. * P < 0.05, ** P < 0.01, *** P < 0.001.
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was considerably stronger in GATA2% progenitors, and RUNX motifs were not enriched
when both GATA2 and PU.1 were reduced. We hypothesized that in GATA2!* progen-
itors, RUNX1 functions in the inflammation-dependent activation mechanism. We tested
if RUNX1 in GATA2"" progenitors is required for IFNy- and TLR-mediated transcrip-
tion by using CRISPR/Cas9 to ablate the common exon 2 of three Runz! isoforms in
hi—777/~ cells, which abrogated RUNX1 mRNA and protein (Fig. 4.14, C to F). RUNXI1
loss did not affect Gata2 or Spil expression (Fig. 4.14E). We treated hi—77+/* hi—777/~,
and hi—777/7;Runz1~/~ (GATA2"RUNX1"!) cells with IFNy and PamszCSK, for 4 h
and quantified the responsiveness of inflammation-activated genes. The GATA2-repressed
chemokine genes Ccl3 and Cclj and cytokine gene Tnf were pre-bound by PU.1 and highly
elevated in GATA2!°" vs wild-type in response to signaling. RUNX1 loss attenuated activa-
tion of these genes to levels resembling wild-type cells (Fig. 4.14G). Ccl5 resides in a cluster
with Ccl3 and Ccl4, and its inflammation-induced expression in GATA2*RUNX1™ cells
was also reduced to a wild-type level. This behavior resembled reducing PU.1 in GATA2/ v
progenitors (Fig. 4.16A). By contrast, the responsiveness of PU.1-pre-bound gene Cd69 was
not affected by RUNXI loss (Fig. 4.14G). Inflammation-induced activation of Cd/0 and
Tigp1, whose PU.1 occupancy was inflammation-inducible, in hi—77~/~ cells was unaffected
when RUNXT1 was deleted (Fig. 4.14G). However, Cmpk2, which encodes Cytidine/Uridine
Monophosphate Kinase 2, exhibits inflammation-induced PU.1 chromatin occupancy, and
RUNXT1 loss attenuated its induction (Fig. 4.14G). Based on RUNX1 chromatin occupancy
from CUT&RUN data obtained with murine bone marrow GMPs [72], RUNX1 occupied
the Ccl3 promoter, Ccly —3.7 kb, Ccl5 —19.9 kb, Tnf +1.3 kb, and Cmpk2 promoter and
its —9 kb site (Fig. 4.16B). RUNX1 occupancy was undetectable at Cd/0 and [ligp1, while
RUNXI1 occupied the Cd69 promoter, intron 1, and —9.2 kb site (Fig. 4.16C). Thus, loci
exhibiting strong inflammation-induced transcription in GATA2" progenitors were either
sensitive or insensitive to RUNX1 loss. Since the inflammation response is high in GATA2/

cells and requires RUNX1, GATA2 and RUNXT1 exert opposing functions at these loci, which
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is not predictable from the co-localization, cooperativity paradigm.

4.6 Different molecular mechanisms governing progen-
itor genome sensing of qualitatively distinct in-
flammatory pathways

Prior studies revealed that RUNX1 loss in murine bone marrow GMP generated neutrophils
with elevated TLR4 [71, 72]. Our results revealed that RUNX1 loss in GATA2°% progenitors
attenuated responses to IFN~ and TLR1/2 signaling at certain loci, which raised the question
of whether GATA2 and RUNXT1 are required for genome sensing of the same or different TLR
signals. We tested this using CRISPR/Cas9 to ablate Runz! exon 2 in wild-type cells to
generate hi- Runz1~/~ (RUNX1™!) which abrogated Runz! mRNA expression (Fig. 4.17,
A and B). RUNXI loss reduced Gata2 expression by ~50% in both clonal lines without
impacting Spil expression (Fig. 4.17B). hi—77+/*, hi—777/~, and hi- Runz1~/~ progenitors
were treated with TLR1/2 agonist Pam3CSK, or TLR4 agonist LPS for 4 h, and expression
of inflammation-activated genes was quantified. GATA2 deficiency elevated Ccl3 and Ccly
expression in the steady state vs. wild-type, while RUNXI1 loss reduced their expression (Fig.
4.17C). Thus, opposing activities of GATA2 and RUNX1 establish the transcription state of
these loci. In response to TLR1/2 and TLR4, the six genes were elevated in GATA2!¥ cells.
RUNX1™ cells were non-responsive to the TLR1/2 agonist with all genes tested. However,
RUNXT1 loss increased expression of these genes in response to TLR4 agonist, with exceptions
of Ccl8 and Cely (Fig. 4.17C). GATA2 and RUNXI1 are therefore differentially dedicated
to controlling genome states that establish TLR1/2 vs. TLR4 signaling, respectively.

To elucidate mechanisms underlying the differential sensitivity to TLR agonists, we com-
pared the consequences of GATA2 or RUNXI1 loss for Tiri, Tir2, and Tirj expression.
GATA2 deficiency elevated Tlr1 21-fold (P < 0.0001) and Tir2 2.7-fold (P < 0.0001) with-

out affecting Tlr4 expression relative to wild type (Fig. 4.17D). While RUNX1 loss did not
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Figure 4.16: RUNX1-dependent, inflammation-activated gene expression is associated
with RUNX1 chromatin occupancy. (A) Ccl3, Cclf, Ccl5, Tnf, and Cmpk2 responsiveness to
IFN~ and PamsCSK, in wild-type, GATA2" and GATA2°“PU.1!% progenitors was quantified
by RT-qPCR. Statistics: multiple unpaired t-tests. * P < 0.05, ** P < 0.01, *** P < 0.001. (B)
RUNX1 CUT&RUN (GSE234846) with bone marrow Granulocyte Monocyte Progenitors (GMP)
revealed occupancy at Ccl3, Cclj, Ccls, Tnf, and Cmpk2 loci. RUNX1 occupied Cd69, but not
Cd40 and Iigp1, in un-treated bone marrow GMPs.
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Figure 4.17: Differential GATA2 and RUNX1 functions in genome sensing of qualita-
tively distinct inflammatory signals. (A) PCR-based genotyping assay for Runzl~/~ allele
in hi—77*t/* progenitors. (B) Runzl, Gata2, and Spil expression was quantified using RT-qPCR.
(C) The responsiveness of select genes to TLR1/2 agonist (Pam3CSKy) and TLR4 agonist (LPS)
were quantitated using RT-qPCR. hi—77%/*, hi—77~/~, and hi- Runz1 ~/~ progenitors were treated
with vehicle, Pam3CSKy (100 ng/ml) or LPS (100 ng/ml) for 4 h (n = 6). (D) Tir1, Tir2, and Tir4
expression in hi—77+/%, hi—77~/~, and hi-Runz1~/~ progenitors was quantified using RT-qPCR.
Statistics: One-way ANOVA with Tukey’s multiple comparisons test. * P < 0.05, ** P < 0.01,
kP < 0.001.
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affect Tlrl and Tir2 expression, it increased Tlrj expression 14- and 16-fold (P < 0.0001)
in both clonal lines (Fig. 4.17D), consistent with the prior report of RUNXI1 suppressing
Tlr4 expression in neutrophils [71]. The differential regulation of Tlr genes by GATA2 and

RUNX1 may establish differential TLR1/2 vs. TLR4-induced transcriptional responses.
4.7 Discussion

Inflammation sensing by genomes reconfigures gene activity, enabling cells to adapt to mi-
croenvironment changes. For cells harboring a pathogenic genetic variant that amplifies the
impact of inflammation on the genome, in principle, the exacerbated response may trig-
ger pathogenesis. Although inflammatory mediators activate signal-dependent transcription
factors e.g., NF-xkB or AP1, that assemble complexes on enhancers and promoters, there are
many unanswered questions on how qualitatively or quantitatively distinct permutations of
inflammation impact genomes. Furthermore, the panoply of cytoplasmic and nuclear ef-
fectors that mediate inflammation-induced genome state changes is incompletely defined.
Elucidating the mechanisms has high significance from fundamental and translational per-
spectives. We provide evidence for a genome-sensing paradigm involving antagonistic inter-
actions between transcription factors not considered to be effectors of inflammation. This
mechanism involved GATA2-PU.1 antagonism and GATA2-RUNXI1 antagonism that oc-
curred upon inflammation.

Our genomic analysis revealed inflammation-activated transcriptional mechanisms that
differed at distinct genetic loci. Inflammation induced PU.1 occupancy at certain, but
not all, inflammation-activated loci. Activation of loci with inflammation-induced PU.1
recruitment was exquisitely sensitive to pharmacological inhibitors of IKK/ kinase that
phosphorylates [kB, leading to its destruction. The disproportionate IKK/ requirement for
inflammation-activated transcription of loci exhibiting PU.1 recruitment vs. loci with PU.1
occupancy preceding inflammation illustrates a critical locus-specific molecular step in in-

flammation sensing. IKKf is required preferentially at inactive loci with closed chromatin
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that require PU.1 recruitment. By contrast, loci with pre-bound PU.1 and open chromatin
were considerably less sensitive to IKK/ inhibitors. These loci were transcriptionally ac-
tive without inflammation, and inflammation further activated transcription. These results
define a dual mechanism of inflammation sensing by the genome of GATA2!° progenitors
(Fig. 4.18), which was unpredictable from inflammation-induced transcriptional paradigms
involving NF-xB and AP1. In murine bone marrow—derived macrophages, TLR4 signaling
induced NF-xB chromatin occupancy and nucleosome remodeling at inflammation-activated
loci with inaccessible chromatin in the basal state [103]. At loci accessible in the basal state,
inflammation-activated genes harbored ETS motifs, although the specific ETS factor was
not described. As our study analyzed regulatory complexes at and near promoters, it will
be instructive to compare the results to analyses of broader genomic regions.

Through its HSPC-intrinsic activities, GATA2 is a vital determinant of hematopoiesis
[34, 37]. Unlike transcription factors in which collaborating factors and coregulators are well
established, factors and coregulators co-localize with GATA2 on chromatin, but the func-
tional ramifications are unclear. An ensemble of transcription factors (GATA2, SCL/TALL,
RUNXI1, FLI1, ERG, LYL1, and LMO2) termed the heptad complex co-localize and may
function cooperatively [30, 83, 274]. Though GATA2-occupied sites with multi-factor occu-
pancy are often enriched with motifs that bind heptad factors, previously, we demonstrated
a reciprocal enrichment of WGATAR vs. ETS and RUNX motifs at GATA2-repressed
loci [16]. Herein, we demonstrated that RUNX motifs were only enriched at promoters of

2lov progenitors and not when PU.1 was reduced.

inflammation-activated genes in GATA
Lowering RUNX1 in GATA2* progenitors revealed opposing activities of GATA2 and
RUNX1 to confer inflammation-activated transcription in a locus-specific manner, which
was unpredictable from existing paradigms.

It is instructive to consider the implications of opposing vs. cooperative molecular func-

tions of GATA2 and RUNX1 and, more broadly, how inflammation creates or enables mech-

anisms not operational in a “normal” context. With a cooperativity model, perturbations
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Figure 4.18: Model for hematopoietic progenitor genome sensing of inflammation.
The hematopoietic progenitor genome utilizes a dual PU.1-dependent mechanism to sense and
respond to inflammation. A gene cohort has inaccessible chromatin in the steady state, and in-
flammation increases chromatin accessibility and occupancy of the hematopoietic transcription
factors GATA2 and PU.1 to activate transcription via an IKK3-dependent mechanism. At another
inflammation-activated gene cohort, GATA2 and PU.1 occupancy precede inflammation, and this
mechanism is not compromised by IKKg inhibition. RUNX1 co-occupies chromatin with GATA2
and PU.1, yet GATA2 and RUNX1 differentially control inflammation-activated transcription, and
transcriptional responses involving distinct TLR signaling pathways activated by unique pathogen-
associated molecular patterns.
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of factors in a complex would yield common consequences. Pathogenic GATA2 and RUNX1
variants share the consequence of creating bone marrow failure and leukemia predisposi-
tion, yet GATA2 and RUNXI1 aberrations yield diseases with distinct clinical phenotypes.
While GATA2 genetic variants cause GATA2 Deficiency Syndrome with monocyte, den-
dritic cell, B cell, and NK cell cytopenias [105, —195], RUNX1 variants cause RUNX1
Familial Platelet Disorder [67, 68, 275, 276]. As GATA2 regulates megakaryopoiesis [277],
the differential phenotypes do not reflect the simple model that RUNX1, but not GATA2,
has megakaryopoiesis-regulatory activity. Conceptually resembling GATA2" progenitors,
in which inflammation hyperactivates cytokine/chemokine gene expression, RUNX1 loss el-
evates transcriptional responses to inflammation in neutrophils [71, 72]. Surprisingly, our
study revealed that GATA2 and RUNXI are vital for transcriptional responses to distinct
inflammatory pathways: GATA2 for TLR1/2 and RUNX1 for TLRA4.

Our study utilized GATA2/ fetal progenitors, and GATA2 loss elevates inflammatory
genes in primary and immortalized fetal progenitors [413, 52]. In an AML mouse model har-
boring a compound Nras®2P/+:p538172H/+ mutation, GATA2 was reduced in bone marrow
HSPCs vs. wild type, which correlated with upregulated inflammatory genes e.g., Tlr! and
Il6ra [17]. These results complement our finding that GATA2!" fetal progenitors elevate
expression of inflammatory genes via PU.1-dependent and IKK -dependent or -independent
mechanisms, rendering progenitors hypersensitive to inflammatory mediators.

In summary, our study elucidated how the hematopoietic progenitor genome senses and
responds to inflammation. GATA2 deficiency derepresses PU.1 activity, and inflammation
induces PU.1 chromatin occupancy at a target gene cohort, while PU.1 constitutively occu-
pies another cohort. Introducing IKK/f into GATA2 mechanisms and demonstrating that in-
flammation creates an antagonistic relationship between two hematopoiesis-promoting tran-
scription factors, GATA2 and RUNXI1, adds mechanistic depth to unravel how pathogen-
instigated inflammation and inflammation of chronic disease alter HSPC functions. This

mechanistic framework will enable studies to assess if remodeling genome function yields
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adaptations that confer environmental protection and/or create vulnerabilities that trigger

and/or accelerate progression of blood disease predisposition states.
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Chapter 5

Conclusions and Future Directions
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5.1 Linking GATA2 deficiency to inflammatory signal-
ing

Among the constellation of clinical features in GATA2 Deficiency Syndrome, mycobacterial
infection, immunodeficiency, and dysregulation of immune cell composition in the periph-
eral blood are variably penetrant, but the underlying mechanisms are not fully understood
[105, ~195].  Genetic murine models with disruption in the Gata2 —77 kb and +9.5
kb enhancers provide innovative tools to study how GATA2 establishes and maintains a
progenitor genome to sense and respond to inflammation. +9.5 enhancer harbors E-box-
spacer-WGATAR and Ets motifs for multi-factor occupancy, including GATA2, TAL1, and
ETS transcription factors [79, 80, 84, —121]. Mice lacking E-box-spacer-WGATAR on
one allele and Ets motif on the other allele have normal Gata2 levels with a minimal phe-
notype in steady state [123]. Still, the hematopoietic regeneration capacity of compound
heterozygous animals becomes less responsive to the chemotherapy drug 5-Fluorouracil,
Toll-Like Receptor (TLR) 4 signaling, and Granulocyte Colony Stimulating Factor (G-CSF)
signaling [123, |. By contrast, —77 enhancer deletion downregulates Gata?2 expression
by 75% in myeloerythroid progenitors and is embryonically lethal after embryonic day (E)
15.5 [38]. GATA2 deficiency resulting from the -77 enhancer ablation reduces the num-
ber of Granulocyte Progenitors (GPs) and increases the number of Monocyte Progenitors
(MPs), causing an imbalance in the GP:MP ratio in E14.5 fetal liver [13, 11]. The aber-
rant hematopoiesis is associated with the elevated expression of genes encoding Interferon
(IFN) signaling components, including Interferon Regulatory Factor 8 (IRF8), and TLRs
[13, 52]. GATA2 deficiency creates a signaling crosstalk between IFNvy and TLR1/2 to
elevate cytokine/chemokine gene expression and protein production in primary and ER-
HOXBS-immortalized (hi) —77~/~ progenitors [52]. Blocking IFN~ signaling via Irf8 abla-
tion increases the number of GPs and decreases the number of MPs to reverse the GP:MP

ratio [14]. In contrast to IRF8 deletion, blocking TLR signaling by genetic ablation of TLR
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adaptor Myeloid Differentiation 88 (MYDS88) reduces the number of both GPs and MPs
but does not reverse GP:MP imbalance [15]. These studies demonstrated the differential
contribution of IFNv and TLR1/2 signaling to progenitor composition in GATA2-deficient
fetal livers.

The elevated inflammatory signaling mechanistically involves the antagonistic activities
of GATA2 with other hematopoietic transcription factors. Lowering the concentration of
E26 Transformation Specific (ETS) transcription factor PU.1 by deleting the —14 kb en-
hancer of Spil, encoding PU.1, impairs the transcriptional responses to inflammation in
hi—777/= (GATA2"") progenitors [15]. Among GATA2-dependent inflammation-activated
genes, PU.1 preoccupies a cohort of accessible loci in the steady state, and inflammatory
signaling further elevates the transcription [15]. In another cohort of genes that are not
accessible in the steady state, PU.1 is only recruited to the chromatin upon inflammation,
and the transcription is uniquely sensitive to the pharmacological inhibitors of IKK/ ac-
tivity [45]. The inflammatory responses further revealed the opposing activity of GATA2
and another hematopoietic transcription factor, RUNX-related Factor 1 (RUNX1). GATA2
and RUNX1 co-occupy chromatin with other heptad transcription factors, including TAL1,
FLI1, ERG, LYL1, and LMOZ2, and they may function collectively to regulate hematopoiesis
[79-53]. RUNX1™ Granulocyte Monocyte Progenitors produce neutrophils with increased
IFN~ and TLR4 signaling capacity [71, 72]. However, RUNX1 deletion in GATA2!°* progen-
itors attenuates the responsiveness of select inflammation-activated genes to IFN~y-TLR1/2
signaling [15]. Since GATA2 deficiency elevates Tir! and TIlr2 and RUNX1 loss increases
Tlrj expression, GATA2 and RUNXI1 regulate qualitatively different inflammatory signaling
pathways [15]. In aggregate, the interactions among the master regulators of hematopoiesis,
GATA2, PU.1, and RUNXI1, stringently control the progenitor genome to sense and respond

to dynamically changing inflammatory milieu.
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5.2 Interactions of GATA2 and PU.1 with canonical
signal-dependent transcription factors at inflam-
mation activated loci

The chromatin occupancy of GATA2 and PU.1 in response to inflammation parses inflam-
mation-activated genes into two categories, PU.1-recruited and PU.1-prebound, with differ-
ential sensitivity to IKK/ inhibition [45], yet it is not fully understood how inflammation
induces PU.1 occupancy at PU.1-recruited loci. Besides PU.1, the two groups of genes may
require different protein complexes for transcriptional regulation, and the binding motifs
present or absent at these loci may provide a mechanistic framework. To determine the
differential enrichment of binding motifs harbored at PU.1-recruited vs. PU.1-prebound
genes, we performed a comparative motif enrichment analysis using MEME. The analy-
sis revealed the predominant enrichment of motifs for Signal Transducers and Activators of
Transcription (STATSs) and IRFs in PU.1-recruited genes and the dearth of binding motifs for
signal-dependent transcription factors in PU.1-prebound genes (Figure 5.1). This raised the
hypothesis that STATs and IRFs are uniquely required for the transcriptional responses of
PU.1-recruited genes but not for PU.1-prebound genes. To test this hypothesis, we treated
wild-type and GATA2% progenitors with increasing concentrations of JAK1/2 inhibitor
Ruxolitinib for an hour, followed by IFN~-TLR1/2 stimulation. Consistent with the IKK/3
inhibition, JAK1/2 inhibition abrogated the responsiveness of PU.1-recruited genes (Cd40,
Gbpb, and ligp1) while not impacting PU.1-prebound gene induction (Ccl3, Cd69, and Tnf)
(Figure 5.2).

How is PU.1 recruited to chromatin upon inflammation? The differential sensitivity to
JAK1/2 inhibition between the two gene classes suggests a model in which inflammation-
induced PU.1 occupancy requires the activation of transcription factors downstream of JAK

signaling. Examining the published RNA-seq data (GSE279155) [15] revealed the eleva-
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Figure 5.1: Differential motif enrichment at PU.1-recruited and PU.1-prebound loci.
(A and B) Top, models depicting PU.1-recruited (A) and PU.1-prebound (B) mechanisms. Bot-
tom, binding motifs enriched at genes with corresponding mechanisms.
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Figure 5.2: Differential sensitivity of inflammation-activated genes to JAK1/2 inhibi-
tion. Dose-response curve of three representative genes with PU.1-recruited and PU.1-prebound
mechanisms to JAK1/2 inhibitor Ruxolitinib (n = 3-6, mean + SEM). Statistics: multiple unpaired
t-test. * P < 0.05, ** P < 0.01, *** P < 0.001.
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tion of Statl, Stat3, Irf1, and Irf8 in response to inflammatory signaling in myeloerythroid
progenitors (Figure 5.3). Since the STAT phosphorylation is an immediate step following
JAK activation, it is attractive to ask if the absence of STAT1/3 impacts PU.1 chromatin
occupancy. Multi-omic analyses will be performed to test the following models: 1) PU.1 oc-
cupancy requires STAT1/3 occupancy; 2) PU.1 occupancy precedes STAT1/3 occupancy; or
3) PU.1 occupancy is independent from STAT1/3 activity. Testing these models requires the

generation of Stat! and Stat3 deletion in hi—77~/~ cells using CRISPR/Cas9 gene editing

tool.
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Figure 5.3: Expression of STAT and IRF gene family in myeloerythroid progeni-
tors. (A and B) Expression profile of genes encoding Signal Transducers and Activators of Tran-
scription STATs (A) and Interferon Regulatory Factors IRF (B) in hi—77t/*, hi—77=/~ and
hi—77~/=;Spi1 URE~/~ progenitors with or without inflammation from RNA-seq (GSE279155).
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First, to determine if STAT1 or STAT3 or both factors are essential or contributory to the
transcriptional responses, hi—77~/~, hi—77~/7;Stat1 /= (GATA2PWSTAT1™4), hi—77-/;
Stat3~/~ (GATA2°"STAT3™) and hi—77~/~;Stat1 ~/~;Stat3~/~ (GATA2°"STAT1/3™)
will be treated with vehicle or inflammation amalgam for 4 hours, and the total RNAs are
harvested for RNA-seq analysis. Multiple comparisons will reveal the GATA2-dependent
inflammation-activated genes uniquely regulated by STAT1 or STAT3 and synergistically
regulated by both factors. Integrating this RNA-seq with previously published RNA-seq
data (GATA2Y and GATA2“PU.1%* — /+ inflammation) will address whether STAT1 loss
impacts PU.1-sensitive genes in response to inflammation to a lesser, greater, or equivalent
extent relative to STAT3 loss. This comparison will allow one to prioritize STAT1 versus
STATS3 for further investigation.

To determine if STAT1/3 is required for PU.1 recruitment to the chromatin upon inflam-
mation, wild-type, GATA2/°" and GATA2/°*STAT1/3"!! progenitors will be treated with
vehicle or inflammation amalgam for 4 hours, and PU.1, GATA2, and STAT1 or STAT3
(based on RNA-seq analysis) occupancy will be mapped genome-wide using Cleavage Under
Targets and Tagmentation (CUT&Tag). This analysis will determine whether STAT1/3
loss may abrogate PU.1 and GATA2 occupancy at all or a subset of PU.l-recruited loci.
To determine if STAT1/3 is required for chromatin accessibility in response to inflamma-
tion, Assay for Transposase-Accessible Chromatin using Sequencing (ATAC-seq) will be
performed using wild-type, GATA2/°? and GATA2!°*STAT1/3™! progenitors treated with
vehicle or inflammation amalgam for 4 hours. ATAC-seq and PU.1/GATA2 CUT&Tag data
will be integrated to determine if the PU.1-recruited loci remain less accessible as in steady
state or become more accessible independently of STAT1/3 loss, and how the chromatin
accessibility alteration correlates with PU.1 recruitment. These multi-omic data will ad-
vance the understanding of how inflammation influences the interaction between canonical
signal-dependent transcription factors (STAT1/3) and hematopoietic regulators (PU.1 and

GATA2) to establish genetic networks that regulate cellular processes.
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5.3 Prospective interactions between GATA?2 and Fork-
head Box transcription factors to regulate inflam-
matory responses

Besides the presence of binding motifs for IFN~v-activated transcription factors STATs and
IRF's, PU.1-recruited loci predominantly harbor motifs for Forkhead Box transcription fac-
tors compared to PU.1-prebound loci. Mining the published RNA-seq data (GSE279155 [15]
and GSE199464 [10]) revealed that the majority of Forkhead Box family members are not
expressed in myeloerythroid progenitors, save Foxj3, Fork2, Foxn?2, Forn3, Foxo3, and Foxpl
(Transcripts per Million > 1 in all replicates), with Foxp! at the highest expression levels
in both datasets (Figure 5.4). Genetic mouse models demonstrated that FOXP1 constrains
the hematopoietic stem cell and multipotent progenitor compartments [278], promotes early
B cell development in fetal liver [279], regulates naive T cell quiescence [280], and suppresses
myeloid differentiation [281]. Conditional deletion of FOXP1 in endothelial cells promotes
inflammation via the activation of NLRP3 inflammasome [282]. FOXO3 occupies and sup-
presses Irf7 transcription to limit type I IFN signaling in bone marrow macrophages [283].
By contrast, FOXO1 occupies cis-regulatory elements at Tlr4 locus to promote TLR4 ex-
pression and signaling [281]. Deficiency of RICTOR, a component of the Mammalian Target
of Rapamycin Complex 2 (mTORC2), causes the accumulation of FOXO1 in the nucleus,
which elevates cytokine production in response to TLR4 signaling [285]. Forced expression
of FOXO1 in Chimeric Antigen Receptor T cells induces chromatin accessibility at inflam-
matory genes, which harbor motifs for ETS and RUNX transcription factors [286]. These
lines of evidence support a hypothesis in which Forkhead Box transcription factors function
collectively with PU.1 and RUNX1 to regulate transcriptional responses to inflammation in
GATA2! progenitors. It is compelling to ask if GATA2 antagonizes or cooperates with

different Forkhead Box family members in inflammation contexts.
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5.4 Genetic interaction between GATA2 and RUNX1
to control inflammation sensing by the hematopoi-
etic progenitor genome

The opposing activity of GATA2 and RUNXI1 in regulating inflammatory signaling in fetal
myeloerythroid progenitors is unexpected from the heptad transcription factor paradigm,
and an n wvivo model to test factor antagonism will reveal another layer of mechanism.
Gata2t/~;Runz1*/~ murine compound heterozygosity was previously generated and yielded
embryonic lethality before weaning [33]. A recent RUNX1 mouse strain (Runz1#85Q/+)
modeling the human RUNXI1 genetic variant underlying Familial Platelet Disorder exhibits
elevated cytokine production in bone marrow fluid, including CCL11, IL9, and IL6, rel-
ative to wild type [287]. Crossing Gata2 —77+/~ with Runzl™®?/* to generate com-
pound heterozygous —77%/~; Runxz1#'%8@/* mice will provide an innovative tool to study
GATA2 and RUNXI1 germline variant interactions. To test whether the elevated inflam-
matory signaling in —777/~ progenitors are attenuated by RUNX1 R188Q mutant, the
— 77/~ Runa1 #188Q/+ mice will be used for timed matings to generate prioritized genotypes,
including wild-type, —777/~, Runa1®188@/*  Ryngy FI88Q/RISSQ _77=/= Ryng1 R188Q/+ and
— 777/~ Runa1 F188Q/R188Q ambryos. The E14.5 fetal liver will be harvested for lineage-
negative (Lin~) progenitor isolation, and cells will be treated with vehicle or inflammation
amalgam (IFNv and TLR1/2 agonist) for 4 hours. The responsiveness of select genes (Tnf,
Cecl3, Ccl4, and Cely) [15] will be used as signaling readouts for Quantitative Real-Time Poly-
merase Chain Reaction (RT-qPCR). Based on this initial analysis, the RNA materials will be
used to conduct an RNA-seq analysis to determine the scope of GATA2-RUNX1 interaction.
In parallel, the fetal liver will be subjected to flow cytometry to determine if the RUNX1
R188Q mutant influences the progenitor composition (GP:MP ratio) of —77~/~ fetal liver.

Since Runaz1 ®188Q/RI88Q i5 embryonically lethal and the developmental stage at which viabil-



119

ity is terminated was not previously determined, it is possible that —77~/~; Runa 185Q/R188Q
embryos may not survive until the fetal liver stage. Therefore, the —77~/~; Runxz1183Q/+

will be valuable for experimentation.

5.5 Building a dictionary of inflammation activators
and repressors from the lineage-determining tran-
scription factor repertoire

The differential contribution of the master regulators of hematopoiesis, GATA2, PU.1, and
RUNXI1, to inflammation sensing by the progenitor genome raises the question of whether
other lineage-determining transcription factors also regulate inflammatory responses. To
address this question, a high-throughput approach such as Perturb-seq will be valuable
[285].  hi—77*/* progenitors will be infected with the lentiviral vector containing Cas9
DNA to generate Cas9-expressing cells. Alternatively, Lin~ progenitors can be isolated
from the bone marrow of Rosa26-Cas9 knock-in mice. Cells will be infected with a pool of
single-guide (sg) RNAs targeting genes encoding lineage-determining transcription factors.
sgRNAs targeting Stat! and Rela (Nfkb3) will be included as positive controls, as STAT1
and NF-£B component p65 are known inflammation activators. A non-target vector serves
as a negative control. After 7 days, cells will be treated with vehicle or inflammation
amalgam containing IFNvy and TLR1/2 agonist for 4 hours, and cells will be subjected to
single-cell RNA-seq analysis. In the absence of lineage-determining transcription factors, the
responsiveness of inflammation-activated genes may be induced to a greater or lesser extent
or both in a locus-specific manner, hence, classifying the factors as inflammation repressors,
activators, or dual regulators, respectively.

Based on the outcomes of the Perturb-seq experiment, top three lineage-determining
transcription factors will be prioritized for chromatin occupancy analysis. hi—77t/* and

hi—77%/* lacking gene encoding the prioritized transcription factor, e.g., X, (hi-X~/~) will
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be treated with vehicle or inflammation amalgam for 4 h, and genome-wide chromatin oc-
cupancy of the transcription factor of interest will be mapped out using the CUT&Tag
assay. This experiment will determine how inflammatory signaling influences the activity of
lineage-determining transcription factors. It is attractive to ask if the dual modes of PU.1
regulation, i.e., PU.1 recruitment and PU.1 pre-occupancy (Figure 4.18), are recapitulated
with other lineage-determining transcription factors in inflammation contexts.

To determine if chromatin occupancy of the select transcription factor X is critical, con-
tributory, or inconsequential to inflammation-activated genes in myeloerythroid progeni-
tors, CRISPR/Cas9 gene editing tool will be used to delete prioritized sequences harbor-
ing the transcription factor CUT&Tag peaks at enhancers in hi-X /= cells. Genes will
be selected based on the following prioritization criteria, including the magnitude of the
signal-dependent transcriptional response, transcription factor contribution to the response,
evolutionary conservation of the predicted enhancer sequence, and whether publicly accessi-
ble ChIP-seq data reveals multi-factor occupancy. ChIP-qPCR will be used to determine if
the deletion eliminates transcription factor X occupancy. hi-X ~/~ cells lacking X occupancy
site will be stimulated with vehicle or inflammation amalgam for 4 h, and the responsiveness
of candidate gene will be quantified using RT-qPCR. hi-X ~/~ cells treated with the same
agonists served as a positive control. Two possible results from this experiment include:
1) the deletion eliminates transcription factor X occupancy and impairs signal-dependent
transcription or 2) the deletion eliminates transcription factor X occupancy without af-
fecting the response. If the deletion does not eliminate transcription factor X occupancy,
but eliminates the X motif-containing sequence, this complicates the analysis, and such
genes will not be analyzed further. Together, these analyses will demonstrate the func-
tional importance of chromatin occupancy of lineage-determining transcription factors on
inflammation-activated genes. Building such a dictionary of inflammation activators and
repressors based on GATA2, PU.1, and RUNX1 examplars will establish a paradigm in

which the lineage-determining transcription factors govern hematopoietic genome sensing of
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inflammation in parallel with the canonical signal-dependent transcription factors.

5.6 Candidate model systems to study GATA2-depen-
dent inflammation sensing mechanisms in adults

Although genetic studies using germline mutations and embryonic models often inform hu-
man pathologies, it is instructive to determine whether bone marrow hematopoietic stem
and progenitor cells (HSPCs) utilize a similar mechanism in —777/~ fetal myeloerythroid
progenitors to sense and respond to inflammation. There are several rigorous in vitro and in
vivo model systems for mechanistic consideration. In a mouse strain harboring a compound
heterozygous Nras@'2P/+;p53#172H/+ mutation to model Acute Myeloid Leukemia (AML),
Gata?2 expression is downregulated, while genes encoding components of inflammatory sig-
naling, including Tir! and Il6ra, are upregulated in the bone marrow HSPCs relative to
wild type [17]. Tt is informative to ask if the GATA2!** AML HSPCs are hypersensitive
to inflammatory signaling and whether the elevated innate immune machinery contributes
to AML progression. Alternative strains include the R396Q [111, 112] and R398W [110]
mice that model the GATA2 carboxy-terminal zinc finger mutations in human GATA2 De-
ficiency Syndrome. Although systemic inflammation using TLR4 ligand Lipopolysaccharide
in Gata2*/~ mice induces serum cytokine/chemokine production to a lesser extent com-
pared to wild-type [58], many parameters need to be considered. GATA2 deficiency alters
the granulocytic versus monocytic progenitor composition, leading to the skewed production
of differentiating progeny [13, 11]. Systemic inflammation exerts a global impact on both
non-hematopoietic and hematopoietic cells, including the defective hematopoietic progeny.
Direct stimulation of isolated bone marrow HSPCs becomes important to test the influence
of GATA2 mutants on the inflammation sensing of HSPC genome without being compro-
mised by the defective hematopoietic system. In parallel to animal models, it is plausible to
convert fibroblasts from patients with GATA2 Deficiency Syndrome into induced pluripotent

stem cells, which are then directed to differentiate into HSPCs [289, ]. This approach
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provides an attractive path for mechanistic studies directly on human patient samples, but
the complexity of the protocol and the prolonged culture may introduce unexpected muta-
tions into the genome. An alternative approach is to induce HSPC mobilization from patient
bone marrow into the peripheral blood using mobilizing agents, such as G-CSF or Plerixafor
[123, ], followed by cell sorting. The isolated HSPCs are then expanded ez vivo using the
Polyvinyl Alcohol method established by Wilkinson and colleagues [291, |. In aggregate,
these model systems will enable mechanistic studies to elucidate whether GATA2 mecha-

nisms in inflammation contexts are conserved between embryos and adults, with potential

clinical implications to advance the understanding of human pathologies.
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