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G E N E T I C S

Conditionally pathogenic genetic variants 
of a hematopoietic disease–suppressing enhancer
Alexandra A. Soukup1,2, Daniel R. Matson1,2, Peng Liu3, Kirby D. Johnson1,2, Emery H. Bresnick1,2*

Human genetic variants are classified on the basis of potential pathogenicity to guide clinical decisions. However, 
mechanistic uncertainties often preclude definitive categorization. Germline coding and enhancer variants within 
the hematopoietic regulator GATA2 create a bone marrow failure and leukemia predisposition. The conserved 
murine enhancer promotes hematopoietic stem cell (HSC) genesis, and a single-nucleotide human variant in an 
Ets motif attenuates chemotherapy-induced hematopoietic regeneration. We describe “conditionally pathogenic” 
(CP) enhancer motif variants that differentially affect hematopoietic development and regeneration. The Ets 
motif variant functioned autonomously in hematopoietic cells to disrupt hematopoiesis. Because an epigenetically 
silenced normal allele can exacerbate phenotypes of a pathogenic heterozygous variant, we engineered a bone 
marrow failure model harboring the Ets motif variant and a severe enhancer mutation on the second allele. 
Despite normal developmental hematopoiesis, regeneration in response to chemotherapy, inflammation, and a 
therapeutic HSC mobilizer was compromised. The CP paradigm informs mechanisms underlying phenotypic 
plasticity and clinical genetics.

INTRODUCTION
Abundant DNA motifs within the noncoding sector of the genome 
mediate protein binding to control genome function. Because 
chromatin renders many motifs inaccessible, which underlies cellular 
phenotypes, organismal complexity, and interindividual variation, 
massive efforts have mapped chromatin accessibility and his-
tone modifications genome wide (1, 2). Germline or acquired 
genetic variants beyond coding regions can disrupt or create DNA 
motifs, derailing genetic programs. Enhancer motif variants may 
abrogate, incrementally reduce, increase, or have no effect on 
transcription.

Discriminating between pathogenic and nonpathogenetic variants 
guides clinical decision-making. Variants predisposing to bone 
marrow failure and leukemia may justify patient surveillance or 
bone marrow transplantation (3–8). Because the ramifications of a 
motif alteration are often unclear, deeming variants pathogenic, 
potentially pathogenic, potentially benign, benign, or of undetermined 
significance is an imperfect science (9). A crux of this problem rests 
on cell type–specific chromatin context, as a variant may be 
inconsequential in most, but not all, cell types. Furthermore, multiple 
motifs within an enhancer may be of variable importance. Genome 
engineering enables rigorous testing of whether a motif is essential, 
modulatory, or nonessential in a genome, yet the effort may be 
incompatible with clinical decision-making. Chromatin accessibility 
and histone modification data can generate inferences of motif 
importance without yielding accurate predictions. Although famil-
ial genetic data are powerful, it is often unavailable. Cell type–
specific mechanistic analyses of motif functions and variation 

will yield principles to inform the accurate curation of variants 
within pathogenesis-linked genes.

Cell type–specific enhancers regulate hematopoietic stem/
progenitor cell (HSPC) differentiation into diverse blood cell types 
(10). These include enhancers regulating expression of the tran-
scription factor GATA2, which promotes the generation and func-
tion of hematopoietic stem cells (HSCs) (11–13), myelo-erythroid 
progenitor cells (14–16), and erythroid precursor cells (15) and is 
expressed in select nonhematopoietic cell types (17). Two essential 
enhancers regulate GATA2 levels to promote HSPC emergence and 
function in the mouse and suppress the development of human 
GATA2 deficiency syndrome characterized by variably penetrant 
immunodeficiency, bone marrow failure, and acute myeloid leukemia 
(AML) (7, 10). Variation in a conserved GATA2 intronic enhancer 
9.8 kb downstream of the transcriptional start site (+9.5 in the mouse) 
or coding sequences causes this syndrome. This enhancer contains 
E-box, GATA, and Ets motifs (18, 19). Patient mutations within this 
region include a c.1017+512del28 deletion (20) that eliminates 
E-box and GATA motifs, a c.1017+532T>A transversion (21) that 
disrupts the E-box, and, most frequently, a C>T transition within a 
3′ Ets motif (c.1017+572C>T) (21–27). +9.5 enhancer activity requires 
E-box, GATA, and Ets motifs in cell- and transgenic mouse–based 
reporter assays (18, 23, 28), although analyses of nonessential 
Gata2 enhancers yielded similar results (18, 19, 29–31). Deletion 
of E-box and GATA motifs within the murine +9.5 enhancer 
(+9.5−/−; Table 1) or E-box and Ets motifs [+9.5(E-box;Ets)−/−] is 
lethal at about embryonic day 14 (~E14) (20, 32), in contrast to 
Gata2-null homozygous embryos that die at ~E10.5 (11). HSC 
emergence from the aorta-gonad-mesonephros (AGM) and vascu-
lar integrity is impaired in +9.5−/− and +9.5(E-box;Ets)−/− embryos 
(20, 32, 33). A compound heterozygous (CH) Gata2 variant lacking 
+9.5 on one allele and the hematopoietic progenitor regulato-
ry −77 Gata2 enhancer (14) on the other allele was lethal at ~E14 (15). 
HSC emergence from the AGM was unaltered, but fetal liver 
HSCs decreased to that of +9.5+/− embryos, and megakaryocyte 
erythrocyte progenitors (MEPs) and burst-forming unit–erythroid 
(BFU-E) were depleted (15). Although +9.5 promotes Gata2 
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transcription in HSPCs during development (34), its activities, and 
those of its individual motifs, in adult steady-state and regenerative 
hematopoiesis are incompletely defined.

In contrast to +9.5−/− E-box;GATA motif variant mice, a +9.5 Ets 
motif homozygous variant has little impact on embryogenesis and 
developmental hematopoiesis; mice are born and survive at normal 
Mendelian ratios (32). However, +9.5(Ets)−/− HSPCs are defective 
in responding to 5-fluorouracil (5-FU)–induced myeloablation 
and fail to efficiently reconstitute bone marrow upon transplanta-
tion (32). As human disease mutations alter different +9.5 motifs 
(7), motifs within an enhancer may have variable importance, 
and diverse hematopoietic and nonhematopoietic cells express 
GATA2 (17), we established systems to analyze the functional con-
sequences of enhancer motif genetic variation in cell type–specific 
contexts in vivo. Our studies with a new bone marrow failure 
model revealed a +9.5 motif variant that dysregulates hematopoietic 
regeneration through a hematopoietic cell–intrinsic mecha-
nism and identified “conditionally pathogenic” (CP) motif vari-
ants that preclude simplistic binary designations of motif variant 
pathogenicity status.

RESULTS
Enhancer motif variant dysregulates hematopoietic 
regeneration through a hematopoietic 
cell–intrinsic mechanism
Previously, we demonstrated that a  +9.5 Ets motif variant 
[9.5(Ets)−/−], which generates a predisposition for human bone 
marrow failure and AML in human patients, severely disrupts 
the transcriptome of regenerating hematopoietic progenitor cells 
[Lin−Sca1+Kit+ (LSK)] from mice treated with the myeloablative 
drug 5-FU. The variant decreases immunophenotypic HSCs 12-fold 
(32), and the remaining HSCs have 3-fold less activity in a competi-
tive transplant assay (32). Besides HSPCs, GATA2 is expressed in 
bone marrow niche nonhematopoietic cells, including endothelial 
cells and neurons (17), raising the question as to whether pheno-
types resulting from the whole organism Ets motif knockout in-
volve only HSC-intrinsic mechanisms or whether HSC-extrinsic 
mechanisms requiring nonhematopoietic microenvironment cells 
are also implicated.

To test for potential hematopoietic cell–extrinsic phenotypes, 
we transplanted wild-type (WT) CD45.1 bone marrow cells (2 million) 
into lethally irradiated CD45.2 WT or +9.5(Ets)−/− mice (Fig. 1A). 
Reconstitution of differentiated cells was monitored by peripheral 
blood analyses 4, 8, 12, and 16 weeks after transplant. Complete 

blood counts (CBCs) of WT and variant recipients were indistin-
guishable throughout (Fig. 1B). As expected from lethally irradiated 
recipients, leukocytes were 76% [+9.5(Ets)−/− recipients] and 80% 
(WT recipients) donor-derived at week 4 and increased to 92% 
[+9.5(Ets)−/− recipients] and 96% (WT recipients) at week 16 (Fig. 1C). 
The contribution did not differ significantly between groups at any 
time. After 16 weeks, HSPC populations in variant recipients were 
indistinguishable from WT controls (Fig. 1D). Thus, the +9.5 Ets 
motif in nonhematopoietic cells is dispensable for regenerating the 
WT hematopoietic system.

Gata2 enhancer Ets motif mitigates adverse consequences 
of chronic inflammation
Viral or mycobacterial infections occur in ~60% of GATA2 defi-
ciency syndrome patients (35). While the Gata2 +9.5 Ets motif 
promotes hematopoietic regeneration following myeloablation or 
transplantation (32), its role in the bone marrow response to in-
flammatory stress, e.g., during infection, is unknown. We tested 
whether the hematopoietic system requires the Ets motif to respond 
to the viral mimetic polyinosinic:polycytidylic acid (polyI:C or 
pI:C), which induces a type I interferon response and transition of 
quiescent to proliferative long-term (LT)–HSCs (36), and whether 
the motif variant compromises cell cycle entry. A single dose of 
polyI:C (10 mg/kg) for 24 hours increased HSCs 4.6- and 3.1-fold 
for WT and +9.5(Ets)−/− cells, respectively, while Gata2 expression 
in fluorescence-activated cell sorting (FACS)–purified bone marrow 
LT-HSCs was unaltered by the Ets motif variant (fig. S1).

As the single-dose pI:C treatment used does not elicit chronic 
inflammation, we adapted the treatment scheme of Walter et al. 
(37) (Fig. 2A), which sustains HSC activation, decreases HSC activity, 
and promotes bone marrow failure in mice with defective DNA 
damage repair machinery (37). As a proxy for hematopoietic activity, 
peripheral blood parameters were quantified at the beginning of 
each 56-day treatment cycle. This analysis did not reveal pan-
cytopenia in any condition (fig. S2). +9.5(Ets)−/− mice treated with 
polyI:C exhibited significantly increased mortality, with a median 
survival of 394 days (Fig. 2B). By contrast, polyI:C-treated WT mice 
exhibited a median survival of 563 days, with six of seven animals 
surviving beyond 394 days. After 10 treatment cycles (588 days), all 
surviving mice were euthanized. While overall bone marrow 
cellularity was indistinguishable between vehicle-treated WT 
and +9.5(Ets)−/− mice, polyI:C treatment reduced bone marrow cell 
number 2.3-fold in +9.5(Ets)−/− mice relative to WT, yielding hypo-
cellular marrows (Fig. 2, C and D). Thus, the Gata2 +9.5(Ets) motif 
promotes hematopoietic regeneration and establishes a defense 
against chronic inflammation.

Gata2 +9.5 E-box variant delays hematopoietic 
regeneration kinetics
Although our studies revealed a hematopoietic cell–autonomous 
function of the +9.5 Ets motif variant to dysregulate hematopoiesis 
in adult mice subjected to hematopoietic stress, it remained unclear 
whether other +9.5 motifs are essential determinants of develop-
mental, adult, and/or regenerative hematopoiesis. The embryonic 
lethality of combined E-box;GATA and E-box;Ets mutations pre-
cludes analysis of these alleles in adult regeneration (32). We 
constructed a 28–base pair (bp) deletion to eliminate a critical 
nucleotide of the E-box (CATCTG to GATCTG) and delete up-
stream sequences while retaining the spacer, GATA, and Ets motifs 

Table 1. Strains with variants in the Gata2 +9.5 enhancer.  

Strain
+9.5 motif mutations

Allele 1 Allele 2

+9.5−/− E-box-GATA deletion E-box-GATA deletion

+9.5(E-box;Ets)−/− E-box disruption, Ets 
C>T

E-box disruption, Ets 
C>T

+9.5(E-box)−/− E-box disruption E-box disruption

+9.5(Ets)−/− Ets C>T Ets C>T

CH E-box-GATA deletion Ets C>T
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[+9.5(E-box)−/−; Fig.  3,  A  to  C]. This allele shares the E-box and 
upstream sequence alteration that characterizes our embryonic 
lethal +9.5(E-box;Ets)−/− model (32). We determined whether this 
variant recapitulates developmental or regenerative phenotypes of 
other +9.5 variants or confers unique phenotypes.

Unlike dual E-box and GATA or Ets motif variants, +9.5(E-box)−/− 
mice survived through weaning, albeit at lower numbers than 
predicted from Mendelian ratios (Fig. 3D). Minor developmental 
defects included reduced numbers of emerging hematopoietic cells 
at E10.5, vascular integrity defects, and decreased granulocyte-
macrophage progenitors (GMPs) (figs. S3 and S4). Although the 
+9.5 Ets motif variant decreased immunophenotypic HSCs in the 
embryo, in steady-state adult bone marrow, HSC numbers were 
indistinguishable from those of WT mice. However, the +9.5(Ets)−/− 
HSCs were not competent to expand and differentiate in response 
to 5-FU or transplantation (32). We tested whether the E-box 
variant exhibited overlapping or distinct adult phenotypes. White 
blood cell, red blood cell, and platelet numbers were indistinguish-
able between +9.5(E-box)−/− and WT mice (Fig.  3E). To test 
whether the E-box is critical for the response to myeloablation-
induced stress, 5-FU was used to ablate cycling cells and promote 
HSC expansion and differentiation to regenerate the hematopoietic 
system (38). Two 5-FU doses (250 mg/kg) were administered with 
an 11-day interval to maximally expand HSPCs (39). Survival was 
unaffected, with 70% of WT and 60% of +9.5(E-box)−/− mice alive 
at day 22 (Fig. 3F).

During regeneration after 5-FU myeloablation, Gata2 transcripts 
are induced in bone marrow LSK cells (32, 39), and the +9.5 Ets 
motif was required for this induction. To test whether the +9.5 
E-box is also required for this induction, Gata2 mRNA was quanti-
fied 9 and 11 days after 5-FU administration. Gata2 expression was 
comparable in untreated +9.5(E-box)−/− and WT mice. Nine days 
after 5-FU treatment, Gata2 expression increased 2.6-fold in WT bone 
marrow (Fig. 3G) and was restored to steady-state levels by day 11. 
By contrast, no significant induction was detected in +9.5(E-box)−/− 
mice at either time. To assess whether reduced cell numbers 
characterize +9.5(E-box)−/− bone marrow during regeneration, we 
quantified immunophenotypic HSPCs in untreated and treated 
(9 or 11 days after 5-FU) mice. In untreated mice, the populations 
tested did not differ significantly (Fig. 3, H and I, and fig. S5). At 
days 9 and 11, HSCs increased 16- and 8-fold, respectively, in WT 
mice. Although +9.5(E-box)−/− HSCs failed to expand at day 9, by 
day 11, they increased 10-fold to levels equivalent to WT. The 
delayed expansion did not decrease myelo-erythroid progenitor 
regeneration at day 11. Thus, while the +9.5 E-box variant delays 
HSPC regeneration kinetics after myeloablation, it does not abro-
gate regeneration.

Combinatorial Gata2 enhancer variant bone marrow failure 
model reveals hematopoietic regeneration mechanism
In human GATA2 deficiency syndrome, epigenetic silencing of the 
normal GATA2 allele correlates with disease phenotype severity 
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Fig. 1. Gata2 Ets motif variant dysregulates hematopoiesis through a hematopoietic cell–autonomous mechanism. (A) Reciprocal transplantation of WT cells into 
WT and +9.5(Ets)−/− recipients. (B) CBCs after transplant. NS, not significant; WBCs, white blood cells; RBCs, red blood cells; PLTs, platelets. (C) Multilineage repopulating 
activity 16 weeks after competitive transplant (n = 4 to 10 per genotype). (D) Analysis of donor-derived LSK (Lin−CD48−Sca1+Kit+), HSC (Lin−CD48−Sca1+Kit+CD150+), MPP 
(Lin−CD48−Sca1+Kit+CD150−), LS−K (Lin−Sca1−Kit+), MEP (Lin−Sca1−Kit+FcR−CD34−), CMP (Lin−Sca1−Kit+FcR−CD34+), and GMP (Lin−Sca1−Kit+FcR+CD34+) within bone 
marrow 16 weeks after transplant (n = 4 to 9 per genotype) (two-tailed unpaired Student’s t test).
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(40). Thus, a single transcriptionally active WT allele appears to 
suppress disease phenotypes. A mechanistic explanation may 
involve GATA2-mediated autoregulation of GATA2 transcription 
(41) when the remaining WT GATA2 allele is silenced and/or 
GATA2 disease mutations reduce GATA2 levels/activity below that 
required for autoregulation (42). These results support our model 
that GATA2 levels/activity are critical to sustain HSPC generation 
and function, GATA2-dependent processes are differentially sensi-
tive to alterations in GATA2 levels, and greater reductions in GATA2 
levels/activity translate into more severe disease phenotypes (4, 7, 43). 
Heterozygous Gata2 mutations that modestly reduce Gata2 levels/
activity in the mouse, e.g., +9.5 Ets motif mutations, fail to elicit major 
phenotypes, and a homozygous Ets motif variant yields relatively nor-
mal adult mice in the steady state, with a regenerative hematopoiesis 
defect only detected under myeloablation conditions (32). By contrast, 
a Gata2 heterozygous mutation with concomitant epigenetic silencing 

of the normal allele has a greater impact on GATA2 levels/activities 
and more severe phenotypes (40). In principle, it might be possible 
to model this scenario by combining a heterozygous Gata2 muta-
tion with a defect in a chromatin modifying or remodeling protein 
that opposes Gata2 silencing. However, such proteins regulate many 
genes, and pleiotropic defects may affect GATA2 levels/activity via 
complex direct and indirect mechanisms. We therefore combined a 
heterozygous Ets motif variant with a more severe Gata2 variant on 
the second allele to mimic an epigenetically silenced allele. Loss of 
+9.5 E-box-spacer-GATA reduced local chromatin accessibility 
and transcription of the mutant allele (34). Thus, the 9.5 E-box-spacer-
GATA deletion may mimic the impact of an epigenetic silencing 
mechanism on the locus. With a heterozygous Ets variant and an 
E-box-spacer-GATA deletion on the other allele (Fig. 4A), the ma-
jority of CH mice survived to adulthood; pups were born at Mendelian 
ratios with two of the three breeding schemes used (Fig. 4B).
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Because several hundred days of chronic inflammation were 
required to reveal a deleterious interaction between inflammation 
and the Ets motif variant, we used the CH model to analyze how 
acute stressors, including inflammation, interface with Gata2 vari-
ants. We conducted experiments to determine whether +9.5 E-box-
spacer-GATA and Ets are both required for enhancer activity and 
hematopoietic regenerative functions, E-box-spacer-GATA is not 
required, or E-box-spacer-GATA exerts unique functions, and CH 
phenotypes cannot be predicted from individual heterozygous 
variant phenotypes.

Although patients with GATA2 deficiency syndrome exhibit mono-
cytopenia, lymphopenia, and dendritic cell depletion (22, 25, 44, 45), 

in the steady state, Gata2+/− (13) and +9.5(Ets)−/− mice (32) lack 
major peripheral blood cell alterations. We determined whether 
dysregulated Gata2 expression in CH mice alters steady-state 
hematopoiesis. CH mice exhibited a 20% decrease (P = 0.02) in 
peripheral blood platelets (Fig. 4C), which has been reported in a 
subset of GATA2 deficiency syndrome patients (39), as well as 
reduced levels of bone marrow LSKCD34+, LSKCD34−CD150−, 
and Lin−Kit+Sca1+ progenitors (2.7-, 2.4-, and 1.4-fold, respectively; 
Fig. 4D). These decreases are not accompanied by significantly 
reduced Gata2 expression in these populations (Fig. 4E). We tested 
whether these changes reflected reduced Gata2 expression in 
LSKCD34−CD150+ LT-HSCs. While 1377 genes exhibited expression 
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changes >2-fold, these changes were insignificant (adjusted P > 
0.9995) (Fig. 4F). Thus, in the steady state, CH mutant mice have 
only minor hematopoietic defects, and CH LT-HSCs have a largely 
intact transcriptional profile.

If the +9.5 E-box-spacer-GATA motif shares Ets motif pro-
regenerative activity, then CH regenerative hematopoiesis should 
be severely impaired. Alternatively, if the +9.5 E-box-spacer-GATA 
motif is committed to other mechanisms, CH mice may phenocopy 
Ets+/− mice. We administered two doses of 5-FU (250 mg/kg) with 
an 11-day interval to deplete cycling cells and expand HSPCs (39). 
WT mice had a 93% survival rate (12 of 13) at day 22 (Fig.  5A), 
whereas 66% (10 of 13) and 43% (3 of 7) of +9.5(Ets)+/− and 9.5+/− 
mice survived, respectively. Survival of CH mice was severely com-
promised, with only 8% (1 of 12) of mice surviving to day 22 and with 
a median survival of 14 days. As CH and +9.5(Ets)−/− regenerative 

capacities after myeloablation were compromised, the +9.5 E-box-
spacer-GATA motif is critical for +9.5 pro-regenerative activity.

To establish how the CH variant regulates HSPCs to affect 
hematopoietic regeneration, we quantified immunophenotypic 
HSPC populations from bone marrow 9 and 10 days after a single 
administration of vehicle or 5-FU. In the steady state, LT-HSC 
(Lin−Sca1+Kit+CD48−CD150+) levels in CH mice were no differ-
ent from WT controls (Fig. 5, B and C, and fig. S6). At 9 days after 
5-FU treatment, WT HSCs increased 17-fold relative to vehicle-treated 
mice, while both +9.5 heterozygous groups were delayed in mount-
ing a regenerative response. HSCs in +9.5(Ets)+/− and +9.5+/− mice 
increased 3.1- and 1.5-fold, respectively. At day 10, WT HSCs expanded 
18-fold, while HSCs expanded 12- and 4.5-fold in +9.5(Ets)+/− 
and +9.5+/− mice, respectively. CH HSCs remained at or below the 
steady-state levels of vehicle-treated mice.
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Fig. 4. Enhancer-engineered bone marrow failure mouse model. (A) Model depicting the motif configurations within the Gata2 +9.5 in WT, +9.5(Ets)+/−, +9.5+/−, and 
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Analysis of steady-state multipotent progenitors (MPPs) 
(Lin−Sca1+Kit+CD48−CD150−) revealed fewer MPPs in hetero
zygotes [+9.5(Ets)+/−, 2.3-fold; +9.5+/−, 2.3-fold] and CH mice (8.3-fold). 
These defects persisted after 5-FU treatment, with the exception 
of +9.5(Ets)+/− 10 days after treatment. Steady-state common myeloid 
progenitor (CMP) (Lin−Sca1−Kit+FcR−CD34+) levels decreased 

2.6-fold in CH mice (fig. S7). While regeneration of +9.5(Ets)+/− 
and +9.5+/− CMP and MEP (Lin−Sca1−Kit+FcR−CD34−) popula-
tions occurred by day 10, and regeneration of +9.5(Ets)−/− populations 
was detected at day 11 (32), CH progenitors failed to increase. Further 
supporting this conclusion, histological analysis of bone marrow 
from mice 10 days after treatment with 5-FU or phosphate-buffered 
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saline (PBS) revealed that 5-FU–treated CH mice had hypocellular 
marrow, and immunohistochemical analysis with an affinity-purified, 
highly specific anti-GATA2 antibody revealed fewer GATA2-positive 
cells (Fig. 5, D and E).

Gata2 expression increases in regenerating bone marrow, with 
WT levels 2.6- and 2.3-fold higher at days 9 and 10, respectively, after 
5-FU treatment (Fig. 5F). To determine whether this was intrinsic to 
HSPCs, we quantified Gata2 expression in LT-HSCs and LSKCD34+ 
MPPs. Within LT-HSCs, Gata2 increased 1.9-fold 7 days after 5-FU 
treatment, while no induction was detected in CH LT-HSCs at day 
7 or 8 (Fig. 5G). Similar results were obtained with LSKCD34+ cells, 
with only WT cells showing 2- and 2.2-fold increases in Gata2 
expression at days 7 and 8, respectively. Thus, single-allele +9.5 
heterozygous mutations impaired hematopoietic regeneration, and 
biallelic mutations yielded substantially more severe defects.

+9.5−/− fetal liver (20) and AGM (33) lack LT repopulating 
HSCs, and HSCs are ~3-fold lower in +9.5+/− fetal liver and AGM 
(20, 33). Bone marrow HSCs from adult +9.5(Ets)−/− mice exhibit a 
threefold decrease in LT repopulating activity (32). As CH mice are 
severely defective in hematopoietic regeneration after myeloablation, 
we determined whether the CH mutation compromises HSC activity 
in a competitive transplant assay. Four weeks after transplant, the 
number of CH progeny was 40-fold lower than progeny from WT 

HSPCs (Fig. 6A). CH progeny also showed a skewed lineage distri-
bution with increased monocytes (26 versus 13%) and T cells (33 
versus 5.1%) and reduced B cells (9.0 versus 45%) relative to WT 
donors (Fig. 6, B and C). At 8 weeks after transplant, the CH contri-
bution was 90-fold lower than WT, and the skewed lineage distribu-
tion of B cells (20 versus 65%) and T cells (34 versus 15%) persisted. 
At 12 and 16 weeks after transplant, the CH contribution was 
266- and 280-fold lower, respectively, with persistent lymphoid al-
terations sustained. Notably, B cell lymphopenia is one of the most 
penetrant phenotypes in human GATA2 deficiency syndrome patients 
(35, 44). After 16 weeks, donor-derived bone marrow HSPCs were 
quantified. In contrast to the 36% of donor-derived WT HSCs, CH 
donors only generated 3.5%. All HSPC populations were impaired, with 
CH contributions 11- to 40-fold lower than WT. The repopulating 
defect was sustained after secondary transplantation and not restored 
by passage through a WT microenvironment (fig. S8). Although 
CH and +9.5(Ets)−/− mice share phenotypes, CH mice had more 
severe LT repopulating and differentiated cell output phenotypes.

Linking enhancer variants to therapeutic stem cell 
mobilization efficacy
Given the sensitivity of the +9.5(Ets)−/− mutant to chronic in-
flammation, we determined whether CH mutant mice were also 
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hypersensitive to acute inflammatory stress. As a component of 
gram-negative bacterial membranes, lipopolysaccharide (LPS) 
activates the membrane receptor TLR4 (Toll-like receptor 4) to pro-
mote the release of pro-inflammatory cytokines (46). LPS acts on 
HSCs to induce inflammatory signaling and proliferation (47, 48). 
Twenty-four hours after LPS (0.5 mg/kg) administration, CH LSK 
levels were 3.1-fold lower than WT. Considering that MPPs are 
reduced in steady-state CH mice (Fig. 4), and LPS induces Sca1 on 
progenitor cells (36), we determined whether this decrease reflects 
lower LT-HSCs and/or decreased progenitor cell mobilization. 
Immunophenotypic LT-HSCs (LSKCD150+CD34−) were 1.9-fold 
lower in treated CH versus WT mice. LPS reduced all LSK sub-
populations; CD34−CD150−, CD34+CD150−, and CD34+CD150+ 
were 3.4-, 5.7-, and 5.3-fold lower, respectively (Fig. 7, A and B). 
Thus, the CH mutation attenuated acute inflammation-induced 
HSPC expansion.

Granulocyte colony-stimulating factor (G-CSF) is among the 
cytokines/chemokines induced by infection (49), in part, via TLR4 
signaling (50). Clinically, G-CSF is used to mobilize bone marrow 
HSCs to the blood for collection before transplantation. We tested 
whether the +9.5 mutation prevents HSPC expansion, mobiliza-
tion, and/or function in response to diverse stimuli or whether 
these activities are +9.5 mutation insensitive. After eight doses of 
G-CSF (Fig. 8A), circulating neutrophil numbers increased 2.6-fold 
in WT, whereas neutrophils did not increase in the CH mice 
(Fig. 8B). G-CSF treatment increased bone marrow HSCs 2.6- and 
3.3-fold in WT and +9.5(Ets)−/− mice, respectively, whereas the 
CH mutation abrogated this response (Fig. 8C). As a metric of mobi-
lization, splenic HSCs were also quantified. After G-CSF treatment, 

WT and +9.5(Ets)−/− splenic HSCs expanded 11- to 25-fold, while 
CH HSCs were unchanged. To functionally analyze mobilized 
HSPCs, we conducted colony-forming unit (CFU) assays with 
peripheral blood. While CFU increased 11-fold in WT peripheral 
blood after treatment, neither +9.5(Ets)−/− nor CH showed increased 
CFU. Although +9.5(Ets)−/− HSCs expanded and mobilized, the cells 
lacked colony-forming activity.

We determined whether defective CH HSC mobilization resulted 
from decreased levels of the G-CSF receptor CSF3R. CSF3R levels 
were unchanged in all populations analyzed (Fig. 8E and fig. S9). To 
test whether G-CSF signaling capacity is affected by the CH muta-
tion, we determined whether G-CSF treatment of bone marrow 
ex vivo induced signal transducer and activator of transcription 
3 (STAT3) phosphorylation using a phospho-flow cytometry assay 
(Fig. 8F). The CH mutation attenuated G-CSF–mediated induction 
of phospho-STAT3 (pSTAT3) (Fig. 8G). While G-CSF induced 
pSTAT3 8.5-fold in WT Lin−Kit+ cells, the induction decreased 
significantly to 4.9-fold in CH (Fig. 8, H to J). Signaling in Gr1+ 
granulocytes was indistinguishable between genotypes. Thus, 
the CH mutation attenuated G-CSF–induced signaling and HSC 
mobilization, abrogated HSPC expansion, and compromised HSPC 
function.

These results support a model in which an enhancer can harbor 
motifs with shared or distinct (quantitatively or qualitatively) activi-
ties, the coordination of which endows the hematopoietic system 
with functional plasticity to accommodate demands imposed by 
development, physiology, and stress. As this plasticity includes HSC 
capacity to respond efficiently to stress and to a therapeutically 
important stem cell–mobilizing drug, these results establish a critical 
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link between noncoding genome variation and stress- and therapy-
induced stem cell mobilization.

DISCUSSION
Interindividual differences in genome sequence and structure un-
derlie developmental, physiological, and pathogenic phenotypes. 

Although interpreting the phenotypic consequences of protein cod-
ing variants can often be straightforward, deducing the conse-
quences of variants identified within noncoding sequences of the 
genome is, by comparison, fraught with challenges. In principle, 
variation within enhancer motifs reduces or increases enhancer 
activity and, contingent upon concordance or discordance between 
transcriptional and posttranscriptional mechanisms, may skew the 
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protein concentration to alter cell and organismal phenotypes. The 
clustered motifs that constitute enhancers can be essential, modula-
tory, or nonfunctional in chromatin or functional only in select cell/
tissue types and/or contexts. Thus, the rules to interpret functional 
ramifications of enhancer variants are not established. A variant 
might only manifest activity in specific physiological or pathologi-
cal contexts, and functional analyses in cultured cells or mice with 
reporter systems may or may not unveil salient activities. Germline 
mutations introduce the added complexity of dysregulating pro-
cesses in hematopoietic cells nonautonomously, and therefore, 
functional consequences may only be manifested in heterocellular 
populations. Rigorous rules to interpret the functional consequences 
of enhancer variants are not yet developed.

It is instructive to consider this enhancer variant classification 
problem in the context of the GATA2 Ets motif variant that creates 
bone marrow failure predisposition as a common prelude to acute 
leukemia. Nonhematopoietic cells express multiple Ets transcrip-
tion factor family members (51), GATA2 is expressed in select 
nonhematopoietic cells (17), and nonhematopoietic bone marrow 
microenvironment cells are critical for hematopoiesis (52–54). 
Endothelial-specific deletions of Jag1, Ptn, and Egf or impairment 
of Vegfr, VE-cadherin, E-selectin, or Kitl impairs HSC regenerative 
activity (55). GATA2 establishes/maintains endothelial cell tran-
scriptional networks (56, 57), and Gata2 +9.5 enhancer variant and 
Gata2 conditional knockout embryos exhibit defective vascular 

integrity (20, 58). We tested whether the Ets motif requirement for 
HSC activity involves hematopoietic cell–autonomous or nonauto-
nomous mechanisms. Transplantation of WT bone marrow cells 
into WT or Ets motif−/− recipients revealed that WT cells operate 
normally in the Ets motif variant microenvironment. Thus, a 
hematopoietic cell–autonomous function of the Ets motif promotes 
hematopoiesis. Similarly, while HSCs deficient in the Ets factor 
Etv2 are defective in reconstituting hematopoiesis, a vascular 
endothelial cadherin (VEC)–Cre;Etv2 conditional knockout does 
not affect HSC activity (39).

The hematopoietic cell–autonomous Ets motif contribution 
to +9.5 enhancer activity is highly context dependent and not 
evident under steady-state conditions, despite the +9.5 activity to 
promote GATA2 expression and developmental hematopoiesis in 
the embryo (15, 20, 33). In the context of the swift hematopoietic 
regeneration that occurs after myeloablation, the Ets motif variant 
had defective regeneration capacity. Thus, the variant mice had a 
markedly elevated mortality in response to LT inflammation.

Because the deleterious impact of the Ets motif variant is re-
stricted to stress-dependent processes, this variant might not 
seamlessly conform to the clinical genetic designations “pathogenic,” 
“potentially pathogenic,” “likely benign,” “benign,” or “variant of 
undetermined significance” (9, 59). The Ets motif mutation has been 
deemed pathogenic by ClinVar (NM_001145661.2) (9) and falls 
within Tier Ib of the clinical practice guidelines from the Association 
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for Molecular Pathology (AMP) (60). However, hematologic 
disease linked to this variant is incompletely penetrant. In addition 
to variable age of onset and disease presentation, adult carriers can 
remain asymptomatic at the time of analysis (21, 35). We therefore 
deemed that the Ets motif variant CP in that pathogenicity is 
revealed only in circumscribed contexts; before these circumstances, 
the variant appears to be benign. Thus, the CP categorization provides 
an additional dimension to the functional inferences afforded by 
existing clinical genetic designations and more accurately defines 
the consequences of this type of variant. Penetrance of pathogenicity 
would be dictated by intraindividual parameters that dynamically 
change with time, including additional acquired mutations and 
environmentally induced epigenetic aberrations that silence the 
WT allele. Epigenetic silencing of the WT allele in such contexts has 
been described (40), and CP mechanisms may underlie the enig-
matic variable penetrance of GATA2 deficiency syndrome. GATA2 
coding mutations, which also cause GATA2 deficiency syndrome, 
can be loss of function, yielding reduced protein levels, or mutant 
proteins in which select activities are lost or retained as measured 
ex vivo (7, 43). The CP paradigm may therefore be applicable to a 
broader spectrum of variants that alter GATA2 levels/activities, 
although clinical analyses of larger patient cohorts may unveil 
similarities and differences between clinical attributes of patients 
with distinct GATA2 mutations. The context-dependent impact of 
a CP variant combined with interpatient genetic and environmental 
differences may render genotype-phenotype relationships patient 
specific and make broad extrapolations untenable.

On the basis of the insights articulated above, it is of considerable 
interest to elucidate how CP variants are triggered to yield overt 
pathogenesis. While myeloablation or chronic inflammation im-
posed upon the homozygous Ets motif variant severely disrupted 
regeneration, several hundred days of inflammation were required 
to manifest phenotypes. The Gata2 CH bone marrow failure model 
is characterized by relatively normal developmental hematopoiesis 
and adult steady-state hematopoiesis, yet the mice are markedly 
more vulnerable to stressors in comparison to other Ets motif 
variants. As the CH mice were hypersensitive to myeloablation and 
acute inflammation and exhibited an attenuated response to a 
clinical HSC-mobilizing agent, GATA2-driven regenerative hemato-
poiesis mitigates damage resulting from chemotherapy and inflammation 
and promotes G-CSF HSC-mobilizing activity. As the enhancer variant 
controlled HSC responsiveness to a therapeutically important stem 
cell–mobilizing drug, these results also link noncoding genome vari-
ation with therapeutic stem cell mobilization efficacy. On the basis 
of the prominent GATA2 activities described here (Fig. 9), it will be 
instructive to consider how the full ensemble of macromolecular 
components constituting the GATA2 regulatory network, including 
proteins, lipids, and metabolites, generates a vital protective system 
conferring resilience to the hematopoietic system under diverse stress-
ors, and how genetic variants in the genes encoding the components 
of these pathways resemble or differ from those of GATA2 variants.

METHODS
Statistical analysis
The results are presented as mean ± SEM. Multiple independent 
cohorts were used in each experiment. Statistical comparisons were 
performed using Welch’s unequal variance t tests (significance 
cutoff of P < 0.05) (GraphPad Prism) with correction of statistical 

overrepresentation of functions calculated using Benjamini, Krieger, 
and Yekutieli multiple-test correction procedure; Student’s t tests with 
correction of statistical overrepresentation of functions calculated using 
Benjamini-Hochberg multiple-test correction procedure; or Tukey’s 
multiple comparisons test (GraphPad Prism). Outliers were detected 
before analysis with two-sided Grubbs’ test. A log-rank test was per-
formed on the Kaplan-Meier survival curve (GraphPad Prism).

Generation of mice containing Gata2 variants
Pronuclear injection was conducted in the C57BL/6J background at 
the zygote (one-cell) stage at the University of Wisconsin–Madison 
Biotechnology Center using recombinant Cas9, guide RNA (gRNA) 
(5′-TCTCCTGCCGGAGTTTCCTATCCGG). The E-box corruption, 
without additional mutations, was detected in 1 of 18 live pups by DNA 
sequencing at and surrounding the mutation site. Further genotyping 
was performed using primers Gata2 −78F CACACAGCGGCCAC-
CAA and Gata2 +120R AAAGCGGGTGAACGATTTAAAC.

+9.5+/−:+9.5(Ets)+/− CH mice were generated through three 
mating schemes: (i) +9.5+/− (20) and +9.5(Ets)−/− (32) (expected 50% 
of progeny), (ii) CH and +9.5(Ets)−/− (expected 50% of progeny), 
and (iii) CH and +9.5(Ets)+/− (expected 25% of progeny).

Quantitative real-time RT-PCR
Following procedure previously described in (32), total RNA was 
purified with TRIzol (Invitrogen). Deoxyribonuclease (Invitrogen) 
treatment was performed on 0.1 to 1 g of RNA at 25°C for 15 min, 
followed by addition of 2.5 mM EDTA at 65°C for 10 min. Comple-
mentary DNA (cDNA) was prepared by annealing with 250 ng of a 
1:5 mixture of random hexamer and oligo (dT) primers; incubated 
with Moloney murine leukemia virus (M-MLV) reverse transcriptase 
(Invitrogen) with 10 mM dithiothreitol, RNasin (Promega), and 0.5 mM 
deoxyribonucleotide triphosphates (dNTPs) at 42°C for 1 hour; and 
heat-inactivated at 95°C for 5 min. cDNA was analyzed in reac-
tions (20 l) containing 2 l of cDNA, primers, and 10 l of Power 
SYBR Green (Applied Biosystems) by real-time reverse transcription 
polymerase chain reaction (RT-PCR) with a ViiA 7 real-time RT-PCR 
cycler (Applied Biosystems). Standard curves of serial 1:5 dilutions of 
cDNAs were prepared from control cDNA with the highest predicted 
gene expression. Values were normalized to the standard curve and 
18S control.

Drug and chemical treatments
To induce in vivo cycling of HSCs, mice were injected with polyI:C 
(10 mg/kg) intraperitoneally (tlrl-pic; InvivoGen) as per Walter et al. 
(37). Mice were harvested either when moribund or after 10 cycles 
of treatment.

Myeloablation was induced by 5-FU (F6627; Sigma-Aldrich) 
administered intraperitoneally with a single dose (250 mg/kg) or 
two doses (250 mg/kg) at 0 and 11 days. Blood samples were 
collected by retro-orbital bleeding (~30 l per collection), and 
hematologic parameters were quantified on a HEMAVET CBC 
instrument. Mice were euthanized with CO2, and bone marrow from 
femurs and tibias of 8- to 14-week-old mice was collected by removing 
epiphyses and flushing the bone marrow with a 25-gauge needle and 
syringe containing Iscove’s modified Dulbecco’s medium (IMDM) + 
10% fetal bovine serum (FBS) (32).

A single dose of LPS (L2630; Sigma-Aldrich) was administered 
intraperitoneally at a dose of 0.5 mg/kg. Mice were harvested 24 hours 
following the dose.
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Recombinant human G-CSF (rhG-CSF) (300-23; PeproTech) 
was administered subcutaneously at a dose of 125 g/kg twice 
a day (eight divided doses) beginning in the evening of the first 
day, and mice were harvested 3 hours following the final dose. 
Stimulation of cells to detect intracellular signaling was per-
formed essentially as described (61). Serum starvation was per-
formed for 15 min. Cells were stimulated for 5 min using rhG-CSF 
(125 ng/l).

Flow analysis
Bone marrow was dissociated and resuspended in IMDM with 10% 
FBS and passed through 25-m cell strainers to obtain single-cell 
suspensions before antibody staining. All antibodies were purchased 
from eBioscience/Thermo Fisher Scientific unless stated. Lineage 
markers for the LSK populations were stained with fluorescein 
isothiocyanate (FITC)–conjugated antibodies B220 (11-0452), CD3 
(11-0031), CD4 (11-0041), CD5 (11-0051), CD8 (11-0081), CD48 
(11-0481), Gr-1 (11-5931), and TER-119 (11-5921). Other surface 
proteins were detected with phycoerythrin (PE)–conjugated CD150 
(115904; BioLegend), peridinin chlorophyll protein (PerCP)–
Cy5.5–conjugated Sca1 (45-5981), and allophycocyanin (APC)–
conjugated c-Kit (2B8, 17-1171) antibodies. Analysis of myeloid 
progenitors was conducted as described by Johnson et al. (14). 
Lineage markers were stained with FITC-conjugated B220, CD3, 
CD4, CD5, CD8, CD19 (11-0193), immunoglobulin M (IgM) 
(11-5890), Il7Ra (11-1271), AA4.1 (11-5892), and TER-119 anti-
bodies. Other surface proteins were detected with PE-conjugated 
FcR (12-0161), eFluor 660–conjugated CD34 (50-0341), PerCP-
Cy5.5–conjugated Sca1 (45-5981), PE-Cy7–conjugated c-Kit 
(BioLegend, 105814), or APC-CD114 (CSF3R; R&D Systems; 
FAB6039A) and APC-IgG (R&D Systems; IC016A). After staining, 
cells were washed with PBS and resuspended in IMDM + 10% 
FBS + 4′,6-diamidino-2-phenylindole (DAPI) and analyzed on an 
LSR II flow cytometer (BD Biosciences) (32).

For intracellular antigens, methanol-fixed cells were stained 
with rabbit antibodies against phospho(Tyr705)–STAT3 (pSTAT3) 
(9145; Cell Signaling Technology) for 30 min and then incubated in 
APC-conjugated goat anti-rabbit (1:200) (711-136-152; Jackson 
ImmunoResearch) with antibodies listed above for 30 min at room 
temperature. Samples were analyzed using a Thermo Fisher Scientific 
Attune NxT flow cytometer. Values for pSTAT3 levels were calcu-
lated by median fluorescence intensities (MFIs) using FlowJo 
version 10.6.2 (BD Life Sciences) and normalized to the maximum 
overall value within each experiment (relative MFI).

RNA sequencing
LT-HSCs (500 to 2000) (Lin−Sca1+Kit+CD150+CD34−) were FACS-
isolated and RNA-extracted with the QIAGEN RNeasy Micro Kit 
(74004) as per the manufacturer’s directions. cDNA libraries were 
prepared using Takara SMARTer Stranded Total RNA-Seq v2 Pico 
as described (32). RNA-sequencing (RNA-seq) fragments were 
aligned by STAR (version 2.5.2b) to the mouse genome (mm10) 
with basic GENCODE gene annotations (version M22). Gene 
expression levels were quantified by RSEM (version 1.3.0), and 
differential expression was analyzed by edgeR (version 3.30.3). 
A significantly differentially expressed gene was required to 
have at least twofold changes and an adjusted P value of <0.05. Data 
have been deposited in Gene Expression Omnibus (GEO) 
(GSE179790).

Transplantation
Adult C57BL/6 recipient mice (CD45.1+, 6 to 8 weeks old; stock no. 
002014, The Jackson Laboratory) were lethally irradiated using an 
X-RAD 320 irradiator for a single dose of 8.5 Gy. Bone marrow cells 
were harvested from individual 8-week-old mice (CD45.2+). A total 
of 106 bone marrow or E15.5 fetal liver cells were mixed with the 
same number of CD45.1+ bone marrow cells and injected into indi-
vidual irradiated CD45.1+ recipients (10 per group). For reciprocal 
transplantation, 2 × 106 WT (CD45.1) bone marrow cells were 
transplanted into lethally irradiated CD45.2 [WT and +9.5(Ets)−/−] 
recipients. The transplanted recipient mice were maintained on 
Irradiated Uniprim Diet (Envigo, catalog no. TD.06596) for 2 weeks. 
Blood obtained from the retro-orbital venous sinus or bone marrow 
was isolated after transplantation and analyzed using flow cytometry 
for donor-derived hematopoiesis (32).

Immunohistochemistry
Femurs were fixed with 10% neutral buffered formalin (DOT Scientific; 
DSF10800-500) and embedded in paraffin using standard proce-
dures. Sections (10 m) were stained with hematoxylin and eosin 
(H&E). Automated immunohistochemistry was performed on 
Discovery Ultra (Roche-Ventana, Tucson, AZ) using Ultra protocol 
no. 206 and an affinity-purified rabbit anti-GATA2 antibody (62). 
Deparaffinization was performed on the instrument, and heat-
induced epitope retrieval was completed in CC1 buffer (tris, pH 8.5) 
for 32 min at 95°C. One hundred microliters of antibody diluted 
1:20 in Da Vinci Green (Biocare Medical, Pacheco, CA) was applied 
for 1 hour at 37°C. After rinsing, Discovery OmniMap anti-rabbit 
horseradish peroxidase (Roche, Basel, Switzerland) was applied for 
8 min at 37°C, followed by rinsing. A Discovery ChromoMap DAB 
detection kit (Roche) was applied for the preset time, followed by 
rinsing and off-line counterstaining with diluted Harris modified 
hematoxylin. Semiquantitative analysis of GATA2 expression was 
performed by enumerating anti-GATA2 nuclear staining with at 
least 500 mononuclear cells.

Mouse embryo isolation
Embryos were isolated as per (32). Embryos were obtained from 
timed matings between heterozygous males and females, with the 
day of vaginal plug detection considered as day 0.5. Pregnant females 
were euthanized with CO2, and fresh embryos were transferred into 
ice-cold PBS for dissection.

Whole-embryo confocal microscopy
E10.5 embryos were fixed, stained, and analyzed as described (33, 63). 
Embryos were stained with biotinylated anti–PECAM-1 (BD 
Biosciences, 553371) and anti–c-Kit (BD Biosciences, 553352) 
antibodies. Samples were mounted in a 1:2 mix of benzyl alcohol 
(Sigma-Aldrich, 402834) and benzyl benzoate (Acros Organics, 
105862500) to increase tissue transparency and visualized with a 
Nikon A1RS confocal microscope. Three-dimensional reconstruc-
tions were generated from Z-stacks (80 to 200 optical sections) 
using Fiji software.

Study approval
All animal protocols were approved by the University of Wisconsin–
Madison Institutional Animal Care and Use Committee in accord 
with Association for Assessment and Accreditation of Laboratory 
Animal Care International regulations.
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