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Gata2 haploinsufficiency promotes proliferation and functional decline of
hematopoietic stem cells with myeloid bias during aging

Ali Abdelfattah,’? Antonia Hughes-Davies,1 Liam Clayfield,1 Juan Bautista Menendez-Gonzalez,">* Alhomidi Almotiri,"® Badi Alotaibi,"
Alex Tonks,® and Neil P. Rodrigues'

! European Cancer Stem Cell Research Institute, School of Biosciences, Cardiff University, Cardiff, United Kingdom; QDepartment of Medical Laboratory Sciences, Faculty of Applied
Medical Sciences, The Hashemite University, Zarqa, Jordan; ®Department of Stem Cell and Regenerative Biology, Harvard Stem Cell Institute, Harvard University, Cambridge, MA;
“Center for Regenerative Medicine, Massachusetts General Hospital, Boston, MA; 5CoIIege of Applied Medical Sciences-Dawadmi, Shagra University, Dawadmi, Saudi Arabia; and
6Department of Hematology, Division of Cancer and Genetics, School of Medicine, Cardiff University, Cardiff, United Kingdom

e Gata2 haplo-
insufficiency promotes
HSC proliferation,
monocytosis, and
decreases CLP
generation during
aging.

« Elderly Gata2
haploinsufficient
HSCs are functionally
impaired with
evidence of myeloid
bias.

During aging, hematopoietic stem cell (HSC) function wanes with important biological and
clinical implications for benign and malignant hematology, and other comorbidities, such
as cardiovascular disease. However, the molecular mechanisms regulating HSC aging
remain incompletely defined. GATAZ2 haploinsufficiency driven clinical syndromes initially
result in primary immunodeficiencies and routinely evolve into hematologic malignancies
on acquisition of further epigenetic mutations in both young and older patients. Using a
conditional mouse model of Gata2 haploinsufficiency, we discover that during aging Gata2
promotes HSC proliferation, monocytosis, and loss of the common lymphoid progenitor.
Aging of Gata2 haploinsufficient mice also offsets enhanced HSC apoptosis and decreased
granulocyte-macrophage progenitor number normally observed in young Gata2
haploinsufficient mice. Transplantation of elderly Gata2 haploinsufficient HSCs impairs
HSC function with evidence of myeloid bias. Our data demonstrate that Gata2 regulates
HSC aging and suggest the mechanisms by which Gata2 mediated HSC aging has an impact
on the evolution of malignancies in GATAZ2 haploinsufficiency syndromes.

Introduction

Aging of the hematopoietic system is marked by an irrevocable decrease in blood cell function accompanied
by fundamental alterations including an increased abundance of hematopoietic stem cells (HSCs), which
have diminished function, and imbalanced differentiation potential toward myeloid cell production at the
expense of lymphoid cells."® Increasing HSC numbers manifest during aging with a rise in proliferation
and a decrease in apoptosis,' yet reduction in their function appears to be associated with upregulation
of stress and inflammatory responses and downregulation of genome integrity, including DNA repair, and
chromatin modifications.* Notably, aged HSCs highly express genes associated with myeloid malignancy.®
In the elderly, a reduced number of HSC clones contribute to hematopoiesis, a phenomenon known as
clonal hematopoesis of indeterminate potential (CHIP), and this occurs together with frequent mutations
in epigenetic regulators that pose an increased risk for both myeloid malignancy and atherosclerosis.’
Thus, overall, aging of HSCs has important biological and clinical implications for hematologic malignancy,
anemia, clotting disorders, immunodeficiency, and other comorbidities, such as cardiovascular disease.
However, the molecular mechanisms regulating aging of HSCs remain incompletely defined.
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Gata2, azinc-finger transcription factor, has been identified as critical for
HSC function in both the embryo and adult.®® Deregulation of GATA2
expression leads to hematopoietic aplasia, dysplasia, and neoplasia,
underscoring the functional importance of GATAZ2 in maintaining normal
hematopoiesis.'®"" For example, overexpression of GATAZ2is observed
in myelodysplastic syndrome (MDS) and acute myeloid leukemia (AML),
and gain-of-function mutations in chronic myeloid leukemia correlate
with poor prognosis.'®'2'2 In contrast, sporadic or germline GATA2
haploinsufficiency mutations in coding or enhancer regions give rise
to MDS or AML that is typically preceded by a phase of immunodefi-
ciency.'®""131* Given that up to 20% of GATA2 haploinsufficient
patients develop MDS or AML after middle age'®'® and little is known
about the impact of Gata2 in this setting, we sought to evaluate Gata2
haploinsufficiency during hematopoietic aging.

Methods

Animals

All mice were housed at the Heath Park Unit, Cardiff University. All ani-
mal experiments were executed under PPL 30/3380 in accordance
with the 1986 Animals (Scientific Procedures) Act.

Flow cytometry

Stained cells were analyzed on an LSR Fortessa (Becton Dickinson
Biosciences) flow cytometer, and fluorescence-activated cell sorter
plots were generated using FlowJo 10.6.1 software (Tree Star, Inc).

Transplantation

Transplantation was performed as described previously."®

Statistical analysis

Statistical analysis was performed with GraphPad Prism 8.3.0 soft-
ware (GraphPad Software, Inc.).

Further details for these methods are provided in supplemental
Methods.

Results and discussion

WEe first assessed Gata2 expression in prospectively isolated hema-
topoietic cell populations from aged wild-type bone marrow (BM).
Consistent with their young BM counterparts,®° Gata2 expression
was highest in HSCs, attenuated during lympho-myeloid differentia-
tion (hematopoietic progenitor cell 1 [HPC1], hematopoietic progen-
itor cell 2 [HPC2], lymphoid-primed multipotent progenitor [LMPP],
common myeloid progenitor [CMP], granulocyte-macrophage pro-
genitor [GMP], and megakaryocyte—erythroid progenitor [MEP];
and mature myeloid cells), and was notably absent in the common
lymphoid progenitor (CLP) and mature lymphoid (T-cell and B-cell)
compartments (Figure 1A).

To explore the impact of Gata2 haploinsufficiency in hematopoiesis
during aging, one allele of the floxed Gata2 gene was deleted in hema-
topoietic cells using the pan-hematopoietic Vav-iCre promoter.'®
Gata2"’*; Vav-iCre™ with Gata2™: Vav-iCre™ were bred to produce
Gata2™"": Vav-iCre™ (heterozygote) and Gata2™"": Vav-iCre™ (con-
trol) littermates. Genomic DNA polymerase chain reaction genotyping
of ear notch biopsies and BM cells confirmed Gata2 haploinsuffi-
ciency and control status (supplemental Figure 1A). Gata2*’;
Vav-iCre™ and control (Gata2™*"": Vav-iCre™) mice were subsequently
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aged for 18 to 20 months old, which correlates with humans aged 56
to 69 years (Figure 1B)."” In agreement with previous data,' skewed
differentiation capacity toward myeloid lineages and away from lym-
phoid maturation was observed over time in the peripheral blood
(PB) of both aged Gata2™""; Vav-iCre™ and control mice (data not
shown). At 18 to 20 months, the proportion of myeloid cells
(Mac1*Gr1* and Mac1*Gr17), B cells (B220"), and T cells
(CD4" and CD8™) in PB was also similar between genotypes (sup-
plemental Figure 1B). Although most GATA2 haploinsufficiency
patients present with immunodeficiency, a substantial proportion of
patients display normal hematologic profiles before acquiring infec-
tions that characterize disease progression.'®'® Thus, unchanged
hematologic parameters observed in our mouse model of Gata2 hap-
loinsufficiency may reflect what is seen in this subset of patients. Yet,
when comparing the proportion of myeloid and lymphoid cells in PB
from aged vs young Gata2*""; Vav-iCre™ mice, a significant increase
in Mac1*Gr1~ myeloid cells was noted in aged Gata2™*""; Vav-iCre*
mice (supplemental Figure 1C), demonstrating that Gata2 haploinsuf-
ficiency causes steady-state accumulation of monocytes during aging.

Age-related changes in cellular composition of BM and extramedullary
hematopoietic organs occur during aging.'® However, cellularity and
mature myeloid, erythroid, and lymphoid cell proportions were found
to be similar in BM, spleen, and thymus of aged Gata2*"; Vav-iCre*
and control mice (supplemental Figure 1D-H).

Evaluating the impact of Gata2 haploinsufficiency on the frequencies
of hematopoietic stem/progenitor cells (HSPCs) (HSCs, MPPs,
HPC1, HPC2) and committed progenitors (CMPs, GMPs, MEPs,
CLPs) in BM,"®2° we noted a decrease only in HSC, MPP, LMPP,
and CLP populations of aged Gata2*"; Vav-iCre* (Figure 1C-D).
Although reduction of HSCs in young Gata2 haploinsufficient mice
is well established,®® the reduction in HSCs was more pronounced
in older Gata2™"": Vav-iCre™ vs younger Gata2™"": Vav-iCre™ mice
(supplemental Figure 1l). Of further note, a decrease in CLP abun-
dance in aged Gata2*""; Vav-iCre®™ mice contrasted with the lack
of impact of Gata2 haploinsufficiency on CLPs from young mice
(data not shown) and an overall twofold reduction in CLPs compared
with their young counterparts (supplemental Figure 11). GMP abun-
dance was reduced in the context of young Gata2 haploinsufficient
mice?' (and data not shown). Unexpectedly, GMP abundance was
comparable between aged Gata2'”; Vav-iCre™ and control mice,
demonstrating that aging of Gata2 haploinsufficient mice normalizes
numbers of GMPs (Figure 1C-D). Therefore, during aging, haploinsuf-
ficiency of Gata2 selectively drives attrition of both HSC and CLP
compartments and rescues the number of GMPs.

To discern the cellular mechanisms leading to reduced HSCs during
aging of Gata2™"; Vav-iCre* mice, we evaluated their apoptosis and
cell cycle status. Differing from young Gata2 haploinsufficient mice,
where HSCs display increased apoptosis (supplemental Figure
1K),” no significant difference was observed in early- and late-stage
apoptosis in HSCs from aged Gata2™""; Vav-iCre™ mice compared
with their control counterparts, as judged by the Annexin V assay (sup-
plemental Figure 1J-K). Similarly, a significant increase in late-stage
apoptosis in MPPs of young Gata2 haploinsufficient mice was lost
during aging (supplemental Figure 1J-K). In stark contrast to
enhanced quiescence observed in young Gata2 haploinsufficient
mice (Figure 1F),” Ki-67 analysis revealed a significant decrease in
the proportion of G, HSCs together with an increase in the frequency
of HSCs in S/G2/M phases in aged Gata2™: Vav-iCre* mice
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Figure 1. Long-term Gata2 haploinsufficiency enhances HSC proliferation, decreases HSC abundance, and causes a reduction in common lymphoid
progenitors. (A) Relative expression of Gata2 mRNA in purified hematopoietic compartments, including HSCs (LSK_CD150"CD487), HPC1 (LSK_CD150CD48"), HPC2
(LSK_CD150"CD48™), LMPP (LSK_CD34"CD135"), CMP (LK_CD34"CD16/32"), GMP (LK_CD34*CD16/32"), MEP (LK_CD34 CD16/32"), CLP (Lin ¢
kit°Sca1'°CD127*CD135™), myeloid cells (Mac1*Gr1™*), T cells (CD3,), and B cells (B220). n = 2 replicates per population. (B) Experimental design for analysis of long-term
and short-term Gata2 haploinsufficiency. Gata2+/ﬂ,' Vav-iCre™ (control) and GataQ””; Vav-iCre™ mice were analyzed at 18 to 20 months and at 8 to 12 weeks old. (C-D)
Representative immunophenotypic HSPC analysis and gating scheme for Gata2 M. Vay-iCre~ (control) and Gata2"""; Vav-iCre* mice at 18 to 20 months (C) and absolute cell
count of primitive and committed hematopoietic populations (D) from control (n = 9) and Gata2**"; Vav-iCre* (n = 7) mice. MPPs are LSK_CD150 CD48". Percentages
represent a frequency of live nucleated BM cells. Data from 3 independent experiments. (E) Representative flow cytometry plots for cell cycle analysis of BM HSCs from Gata2*";
Vav-iCre™ (control) and Gata2*’; Vav-iCre* mice at 18 to 20 months using Ki-67/4',6-diamidino-2-phenylindole (DAPI). Bivariate plots showing the frequency of HSCs in GO
(Ki-67 DAPI™), G1 (Ki-67 "DAPI"), and S/G2/M (Ki-67 " DAPI*) phases from control (n = 9) and Gata2"""; Vav-iCre* (n = 7) mice from 3 independent experiments. (F) The
percentage of BM HSCs in GO, G1, and S/G2/M cell cycle phases from aged mice (n = 9 control and 7 Gata2*""; Vav-iCre™) and young mice (n = 6 for each genotype) from 3
independent experiments for each condition. Data presented as mean = standard error of the mean (SEM). Statistical analysis is performed using
Mann-Whitney U test. Significant data: *P < .05; **P < .01; **P < .001.

L blOOd advances 26 OCTOBER 2021 - VOLUME 5, NUMBER 20 GATA2 REGULATES HSC AGING 4287



A
CD45.2 % CD45.1 Monitor PB )
A /‘OF)-’ chimerism Immunophenotypic
f 1 -
&= > - P Analysis at week 16
o - every 4 wk y (B-E)
300 HSCs
[ ] Gata2*", Vav-iCre (control)
o Gata2*" Vav-iCre*
2x10° competitor WT
CD45.1 BM cells
B Cc
100+ 100 *x -
**
*kk
80
g 801 *k ookl E_-" --® é
(== J -~ ®----"" ===}
.nE_ 60— ‘ E -BE_ 60_ *kk -
= Foeoo-- - T B = 8
& 404 i g 240
=2 =
= 204 ] 20
o T T T T 0_
4 wks 8 wks 12wks 16 wks Mac1* Mac1* B220 CD4 cD8
Grit Gr1-
100+ . E 1004
*%k *kk
— 80 **x *k _— 80
S * =
s = 5=
§% 3<%
o E o §
2 S 40 & S 40-
E s
= 204 S 904
0- 04
LSK HSC MPP  HPC1 HPC2 LMPP LK CMP GMP MEP CLP
F 1.09 M Young-Gata2*", Vav-iCre*
B Aged-Gata2*", Vav-iCre*
w2 08-
E8m 0.065
© = Toe6-
o '-.g % *
25 E
:; é 50.4-
= =
E o
=5 o02-
0.0-
PB Mac1* Mac1* B220 CD4 CD8
Gri* Gr1-

Figure 2. Elderly Gata2 haploinsufficient HSCs have a functional defect in reconstitution of multilineage hematopoietic compartments with a myeloid bias. (A)
Schematic representation of competitive HSC transplantation experiment. Three hundred HSCs from aged control or Gata2"""; Vav-iCre™ mice (CD45.2") together with 2 X
10° unfractionated BM competitor cells (CD45.17) were transplanted into lethally irradiated (9.5 Gy) recipient mice (CD45.17). Four independent biological replicates were used
for each genotype. Donor chimerism in PB was tested every 4 weeks until week 16 after transplant. (B) Proportion of CD45.2 donor-derived cells in PB after transplantation of
donor cells from control (n = 8 recipients) or Gata2*"": Vav-iCre™ mice (n = 8 recipients). (C-E) Percentages of CD45.2 donor-derived cells contribution to mature cells in PB (C)
BM HSPCs (D) and BM committed myeloid/lymphoid progenitors (E) at week 16 after transplantation of control or Gata2*"; Vav-iCre™ donor cells. n = 8 recipients for each
genotype from 2 independent experiments. (F) Fold change ratios of CD45.2 donor-derived cell contribution to mature PB cells in aged mice (n = 8 control and 8 Gata2™""; Vav-
iCre™) in relation to young mice (n = 8 control and 8 Gata2*""; Vav-iCre™) donor cells after normalizing to their control counterparts. 2 to 3 independent experiments were
performed for each condition. Data is presented as mean = SEM. Statistical analysis is performed using the Mann-Whitney U test. Significant data: *P < .05; **P < .01; ***P <
.001.
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(Figure 1E-F), indicating Gata2 haploinsufficiency promotes HSC pro-
liferation during aging.

To assess the impact of enhanced HSC proliferation on the function
of aged Gata2™"; Vav-iCre™ HSCs, we performed competitive trans-
plantation experiments. To do this, 300 CD45.2 purified aged HSCs
from control or Gata2™*"; Vav-iCre™ mice were cotransplanted with
2 X 10° CD45.1 competitor BM cells into lethally irradiated
CD45.1 recipients (Figure 2A). Engraftment analysis was conducted
every 4 weeks and revealed that the frequency of PB donor contribu-
tion was significantly lower in recipients of aged Gata2*: Vav-iCre*
derived cells compared with control derived cells during the entire
16-week posttransplant period (Figure 2B), which was reflected in
lower donor contribution to all mature myeloid and lymphoid lineages
in BM, PB, and spleen (Figure 2C; supplemental Figure 2) and lower
HSPC and committed progenitor engraftment in BM at week 16 (Fig-
ure 2D-E). Notably, engraftment of the T-cell compartment was more
affected than myeloid or B-cell compartments (Figure 2C), suggesting
myeloid bias after transplantation of elderly Gata2 haploinsufficient
HSCs. This contention is supported by data showing a twofold expan-
sion in myeloid cells and an approximately twofold decrease in CD4*
T cells in the PB of recipients of aged Gata2*”"; Vav-iCre® HSCs
compared with recipients of HSCs from young Gata2™"": Vav-iCre*
mice (Figure 2F). Thus, aged Gata2 haploinsufficient HSCs fail to
reconstitute multilineage hematopoiesis and functionally impart mye-
loid bias on aged HSCs in vivo.

In this report, we identify Gata2 as a critical determinant of HSC func-
tion during aging. Although HSCs continue to decline in prevalence
and function in Gata2 haploinsufficient mice during aging, we demon-
strate significant alterations in HSC and progenitor cell behavior that
selectively occur in aged Gata2 haploinsufficient mice rather than in
their young counterparts, including (1) augmented HSC proliferation
(contrasting with enhanced quiescence in young Gata2 haploinsuffi-
cient HSCs), (2) normalization of HSC apoptosis (whereas HSC apo-
ptosis was enhanced in young Gata2 haploinsufficient HSCs), (3)
normalization of GMP abundance (compared with the decrease in
GMPs observed in young Gata2 haploinsufficient mice), (4) monocy-
tosis, and (5) decreased lymphoid progenitor capacity exemplified by
loss of CLPs. These data offer insights into the specific HSC fates that
are mediated by Gata2 during aging, setting the stage for studies that
further decipher the transcriptional underpinnings of Gata2 regulation
in the aging hematopoietic system.

Our data also have implications for GATA2 haploinsufficiency-driven
clinical syndromes. Aged Gata2™""": Vav-iCre™ mice fail to fully recapit-
ulate the immunodeficiency and progression to MDS/AML observed
clinically, which may be ascribed to a number of factors. First, our
hematopoietic-specific conditional Gata2 mouse model does not
assess niche-driven effects of Gata2 haploinsufficiency on the hema-
topoietic system. Second, in striking contrast to mice, GATAZ2 haploin-
sufficient patients are routinely exposed to infectious agents that push
the hematopoietic system to exhaustion where they either succumb or
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