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ABSTRACT

RUNXT1 familial platelet disorder (RUNXT-FPD) is a hematopoietic disorder caused by germline loss-of-function mutations in the RUNXT
gene and characterized by thrombocytopathy, thrombocytopenia, and an increased risk of developing hematologic malignancies, mostly
of myeloid origin. Disease pathophysiology has remained incompletely understood, in part because of a shortage of in vivo models
recapitulating the germline RUNXT loss of function found in humans, precluding the study of potential contributions of non-hemato-
poietic cells to disease pathogenesis. Here, we studied mice harboring a germline hypomorphic mutation of one Runx7 allele with a
loss-of-function mutation in the other Runx1 allele (Runx1-"#¢*- mice), which display many hematologic characteristics found in human
RUNX1-FPD patients. Runx 144~ mice displayed robust and pronounced thrombocytopenia and myeloid-biased hematopoiesis, asso-
ciated with an HSC intrinsic reconstitution defect in lymphopoiesis and expansion of myeloid progenitor cell pools. We demonstrate
that specific deletion of Runx1 from bone marrow stromal cells in Prrx7-cre;Runx1”" mice did not recapitulate these abnormalities,
indicating that the hematopoietic abnormalities are intrinsic to the hematopoietic lineage, and arguing against a driving role of the bone
marrow microenvironment. In conclusion, we report a RUNXT-FPD mouse model faithfully recapitulating key characteristics of human
disease. Findings do not support a driving role of ancillary, non-hematopoietic cells in the disruption of hematopoiesis under homeostatic
conditions.

INTRODUCTION described in these patients, of which T-cell acute lymphoblastic

. ) : . :
RUNXI1 familial platelet disorder (RUNX1-FPD) is a rare lymphoma is the most common. The biological mechanisms
. . . ; . through which monoallelic germline RUNX1 mutations drive
disease caused by germline variants in the RUNXT gene, includ- . - . .
. ; Lo . . the hematologic defects and malignant transformation remain
ing missense, nonsense, and splice-site single nucleotide vari-

ants. Most affected families harbor a unique mutation.! The incompletely understood. Additionally, it is unclear whether

clinical phenotype of RUNX1-FPD consists of a bleeding dia- these mecha.msmsAare 1d.ent%cal among different RUNXT muta-
. o S tions. Functional investigation of some RUNX1 variants indi-
thesis due to quantitative and qualitative platelet defects and

a propensity to develop myeloid and lymphoid hematologic cated that mutations might confer a dominant-negative effect,
malignancies that can present at any age."* Patients are partic- while others result simply in a non-functional allele. " It has
ularly at risk to develop acute myeloid leukemia (AML) and bee.n suggested that domlnant—neggtlve mutations might confer
myelodysplastic syndrome,’? with an estimated lifetime risk of a higher propensity to develop malignancy than loss-of-function

P . . . mutations.*%7
about 44%.% Other hematological malignancies have also been Runx1 knockout in mice is embryonically lethal, preclud-

ing the analysis of germline loss-of-function effects on hema-
topoiesis.®’ To circumvent this limitation, existing models have
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marrow mesenchymal stromal cells (BMSCs) form a major
constituent of the bone marrow niche and have a key role
in hematopoietic stem and progenitor cells (HSPCs) regula-
tion.”*?! Primary genetic alterations in these cells were able to
drive hematopoietic disruption and malignant transformation
in mice,”?2* with mechanistic implications of NF-kB-associated
inflammatory activation of BMSCs inducing genotoxic stress in
HSPCs.*

Runx1 is expressed in cells of the mesenchymal lineage, con-
tributing to bone formation and homeostasis,?*?* and its defi-
ciency has been linked to inflammatory activation of diverse cell
types, including alveolar epithelial cells,”? HSPCs*® and neutro-
phils,®! warranting studies addressing potential contributions
of RUNX1 deficiency in BMSCs to hematopoietic phenotype
and in particular malignant transformation in RUNX1-FPD.

Here, we report the hematopoietic characterization of a
RUNXT1-FPD mouse model induced by a hypomorphic muta-
tion in the Runt homology domain on a null background,
mimicking the germline nature of decreased residual RUNX1
function caused by dominant-negative mutations, which are
suggested to constitute a subset of missense mutations found in
RUNX1-FPD patients.*’ This model faithfully recapitulates key
hematopoietic characteristics of human disease. Contributions
of the bone marrow environment to the hematopoietic pheno-
type are addressed by transplantation studies complemented
by the generation of mouse models with targeted deletion of
Runx1 from BMSCs. Collectively, findings support a model
of hematopoietic cell-intrinsic disruption of hematopoiesis in
RUNXT1-FPD, without major contributions of the bone mar-
row microenvironment to the hematopoietic phenotype under
homeostatic conditions.

MATERIALS AND METHODS

Mice

Runx 1484+ (Runx19%¢)32 and Runx 1%+ (Runx1™3-15<)1t have
been reported before. Cryopreserved Runx1*- (Runx1"1Pow)s
mouse spermatocytes were present in the Experimental Animal
Center (EDC) of the Erasmus MC. Prx1-cre (Tg(Prrx1-cre)1Cjt)>
and Rosa26-tdTomato  (B6.Cg-Gt(ROSA)26Sortm9(CAG-
tdTomato)Hze/])** mice were purchased from The Jackson
Laboratory. Ptprc® Pepc’/BoyCrl (B6.SJL) mice were purchased
from Charles River. The mice were housed in individually ven-
tilated cages under specific pathogen-free conditions in the
Erasmus MC EDC, according to institutional guidelines. Water
and food were provided ad libitum. All mouse experiments were
approved by the Animal Welfare/Ethics Committee of the EDC
in accordance with legislation in the Netherlands (approval No.
EMC 2067, 2714, 2892, 3062).

Tissue collection

Mice were weighed, and peripheral blood was obtained via
submandibular vein puncture. Blood was collected in K2EDTA-
coated microtainers, and automated blood count analysis
was performed using a Scil Vet abc Plus+ counter (HORIBA
Medical, Kyota, Japan). The mice were euthanized by cervi-
cal dislocation, and single-cell suspensions of bone marrow
and bone fraction were prepared from the hind legs of mice as
previously described.?? In brief, hind legs were stripped from
soft tissue, and bones were crushed and washed in PBS (Gibco)
with 0.5% FCS. Cell suspensions were mechanically dispersed
through a 40-pm nylon mesh cell strainer (Corning) and pel-
leted at 600g, followed by lysis of red blood cells using ACK
lysis buffer (Lonza). Cells were subsequently washed and fil-
tered using a 40-pm strainer. To determine bone marrow cellu-
larity, single-cell suspensions, derived from 1 femur, were mixed
1:1 with Trypan Blue (Invitrogen), and the viable cell count
was determined using a Countess 3 Cell Counter (Invitrogen).
Remnants of crushed bones (bone fraction) were incubated with
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collagenase for 45 minutes at 37°C, washed with PBS, and fil-
tered through a 40pm strainer. The remaining red blood cells
in bone fraction were lysed using ACK lysis buffer (Lonza) and
washed again with PBS, followed by another filtration through
a 40-pm cell strainer.

Genotyping

Genomic DNA was extracted from tissues using lysis buf-
fer containing 10% SDS solution (Lonza AccuGENE), 1M Tris
pH 8.5 (Merck), 0.5M EDTA (Lonza), SM NaCl, Proteinase
K (Roche), and TE-buffer (VWR Life Sciences). After lysis, the
extracted DNA was dissolved in TE buffer (VWR Life Sciences).
Blood and bone marrow cells were pelleted before lysis at room
temperature and 4°C, respectively, by centrifugation at 600g.
Polymerase chain reaction (PCR), using the primers listed
below, and subsequent gel electrophoresis were performed to
verify genotype and Cre-mediated recombination in genomic
DNA samples.

Primer set sequences

Fw: GAGTCCCAGCTGTCAATTCC
Rv: GGCAAC TTGTGGCGGATTTG

Fw: GCCATCACAGTGACCAGAGTGC
Rv(1): CTGTACCAATGAGAAACAGTAGTAGC
Rv(2): CGGCAGGCCCTGCCATAGC

Fw: CCCACTGTGTGCATTCCAGATTGG

Allele/band size basepairs

Runx1 +/ 400
Runx1 L148A/ 450

Runx1 +/ 400
Runx1 —/ 600

Runx1 +/ 200

Rv(1): GACGGTGATGGTCAGAGTGAAGC Runx fl/ 275
Rv(2): CACCATAGCTTCTGGGTGCAG Runx del/ 310
Cre Fw: GCGGTCTGGCAGTAAAAACTATC Prrx1-cre +/100
Cre Rv: GTGAAACAGCATTGCTGTCACTT Control/324

Ctrl Fw: CTAGGCCACAGAATTGAAAGATCT
Ctrl Rv: GTAGGTGGAAATTCTAGCATCATC

Hematopoietic stem cell transplantation

Recipient mice were lethally irradiated (single dose of 8.5
Gy) at ages 8-16 weeks and transplanted within 24 hours after
irradiation. Fresh single-cell suspensions of viable bone marrow
cells were prepared as described above and filtered through a
40-pm FACS tube strainer (Falcon) shortly before injection.
Mice were transplanted with 1x10° viable fresh bone marrow
cells in 200 pL PBS for transplant-in studies and 0.75 x 10° via-
ble thawed cryopreserved bone marrow cells in 200 pL PBS for
transplant-out studies. For competitive transplants, fresh viable
SJL bone marrow cells (age 12 weeks) were mixed with viable
Runx1** or Runx1'*$4- bone marrow cells (age 7 months) (1:1
ratio) after counting viable cells as previously described. Single-
cell suspensions were injected intravenously in the tail vein of
recipient mice. Mice received antibiotic-supplemented (Baytril)
autoclaved water for 3 subsequent weeks after transplantation.

Flow cytometry and flow cytometry-assisted cell sorting

To identify HSPC subsets, single-cell suspensions of bone
marrow were stained by incubating for 20 minutes at 4°C with
fluorescently labeled antibodies directed against murine cell
surface markers: eFluor450 anti-CD34 (eBioscience Catalog
# 48-0341-82), Pacific Blue anti-Scal (Biolegend Catalog
#108120), PE-Texas Red anti-cKit (BD Biosciences Catalog
#562417), APC-Cyanine7 anti-CD16/CD32 (BD Biosciences
Catalog #560541), APC anti-FLT3 (eBioscience Catalog #17-
1351-80). Additionally, cell suspensions were simultaneously
stained with a lineage cocktail consisting of the following
biotinylated antibodies: anti-B220 (BD Biosciences Catalog #
553086), anti-Macl (BD Biosciences Catalog #553309), anti-
Ter119 (BD Biosciences Catalog #553672), anti-CD8a (BD
Biosciences Catalog #553029), anti-CD3e (BD Biosciences
Catalog #553060), anti-CD4 (BD Biosciences Catalog
#553728), anti-Gr1l (BD Biosciences Catalog #553125). In
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transplantation experiments, donor and recipient cells (or
test and competitor cells) were distinguished by staining with
FITC anti-CD45.1 (Biolegend Catalog#110706) and either
APC anti-CD45.2  (ThermoFisher Catalog#17-0454-82),
APC-Cyanine7 anti-CD45.2 (Biolegend Catalog#109824) or
Pe-Cyanine7 CD45.2 (Biolegend Catalog#109829). After incu-
bation, cells were washed with FACS buffer and centrifuged
for 5 minutes at 600xg at 4°C. Cell pellets were resuspended in
Pacific Orange-Streptavidin (ThermoFisher Scientific Catalog #
$32365) and incubated for 10 minutes at 4°C. After washing,
cells were further stained for viability using 7AAD (Beckman
Coulter, Catalog #B88526), and data were acquired using a BD
FACSAria III or a BD FACSymphony A5 and BD FACSDiva
software (BD bioscience).

To identify differentiated hematopoietic cells in blood and
bone marrow samples, single-cell suspensions were stained as
previously described for cell surface markers using the follow-
ing fluorescently labeled antibodies directed against murine
cell markers: Alexa Fluor 700 anti-Grl (Biolegend Catalog
#108422), PE-Cyanine7 anti-Macl (Biolegend Catalog
#101215), Pacific Blue anti-B220 (eBioscience Catalog #15-
0452-83), PE anti-CD45.1 (Biolegend Catalog #110709), BV510
anti-CD3e (Biolegend Catalog #563024), and APC-Cyanine7
anti-CD45.2 (Biolegend Catalog # 109824). Stainings were per-
formed as mentioned before, and samples were analyzed using a
BD LSR II Flow Cytometer or BD FACSymphony AS.

To isolate stromal subsets, bone fraction samples were
stained for extracellular markers with the following fluo-
rescently labeled antibodies: APC-Cyanine7 anti-CD45.2
(Biolegend Catalog #109824), APC-Cyanine7 anti-CD45.1
(Biolegend Catalog #110716), BV510 anti-Ter119 (Biolegend
Catalog #116237), APC-R700 anti-CD31 (BD Biosciences
#565509), PE anti-CD51 (Biolegend Catalog #104105),
Pacific Blue anti-Scal (Biolegend Catalog #104105), APC anti-
CD140a (eBioscience Catalog #17-1401-81). Stainings were
performed as described above, and cells were sorted into 800
pL TRIzol (ThermoFisher Scientific Catalog #15596018) using
a BD FACSAria III or analyzed using a BD FACSymphony AS.
To define deletion efficiency in stromal subsets, the aforemen-
tioned procedure was performed with the addition of bioti-
nylated anti-CD51 (Biolegend Catalog#104103), biotinylated
anti-LepR (Bio-Techne Catalog#BAF497), Streptavidin BV785
(Biolegend Catalog#405249) and Zombie NIR (Biolegend
Catalog#423105).

RNA sequencing

RNA isolation, cDNA preparation, and library preparation
were performed as previously described.>*=” Briefly, RNA was
extracted from sorted cell populations using the standard pro-
tocol of RNA isolation with TRIzol and GenElute LPA (Sigma).
cDNA was generated using a SMARTer Ultra Low RNA Kit
(Clonetech) for Illumina Sequencing following the manufac-
turer’s guidelines. Amplified cDNA was processed according to
the TruSeq Sample Preparation v.2 Guide (Illumina) and paired
end-sequenced (2x101bp) on the NovaSeq 6000 (Illumina).
Samples were demultiplexed using bcl2fastq (v2.20; Illumina),
after which fastqc (v0.11.93%) was used to generate quality met-
rics for the generated FASTQ files. SMARTer sequencing adapt-
ers were trimmed from the reads using fqtrim (v0.9.7%°). Reads
were pseudo-aligned against the mouse reference genome
mm10 (Ensembl build 104) using Salmon (v1.4*) to generate
transcript quantification files. These transcript quantification
files were used as input for tximport (v1.24.0*') in combina-
tion with DESeq2 (v1.30.1%%) to perform differential expression
analysis within R (v4.0.2). Subsequently, genes were ranked
according to their Adaptive SHRunken (v2.2-54%) log2 fold-
change and stored in rank files. The rank files were then used
as input for pre-ranked Gene-Set Enrichment Analysis (GSEA;
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v3.0*%) utilizing gene sets from MsigDB (v7.244) gene-set
libraries C2, C5, and Hallmark. Pre-ranked GSEA was per-
formed using 1e4 gene-set permutations and the classic enrich-
ment score scheme.

In addition, the DEXSeq (1.42.07%%) R package was used
separately to find differential exon expression of the Runx1
gene.

Data analysis

Flow cytometry data were analyzed using FlowJo software
(version 10.8.1, Treestar). P values were calculated using sta-
tistical tests as stated in the figure legends using IBM SPSS soft-
ware (version 28.0.1.0). Statistical significance was tested via
ANOVA and the Tukey-Kramer HSD post-hoc test in the case
of 3 experimental groups and the Student’s t-test in the case of 2
experimental groups. P-values of less than 0.05 were considered
significant, which is indicated in the figures by asterisks (*P <
0.05, **P < 0.01, ***P < 0.001). Graphs were generated using
GraphPad Prism (version 9.3.1).

RESULTS

Mice with germline Runx1 deficiency leading to less than 50%
residual RUNX1 function

Human RUNXTI1-FPD is genetically characterized by con-
genital monoallelic RUNX1 mutations. Mutations associated
with RUNX1-FPD can create non-functional or dominant-neg-
ative alleles,*” with missense mutations mainly clustering in
the RUNT homology domain (RHD)."* To study the gene
dose effects of Runx1 deficiency and the in vivo consequences
of a residual RUNX1 function below 50%, as might be caused
by dominant-negative mutations, we crossed Rumx1"#54/
mice,*32°° harboring a hypomorphic point mutation in the RHD
(Figure 1A) with Runx1*- mice,® generated via an insert that
disrupts the RHD by introducing premature stop codons in all
reading frames (Figure 1A). Interbreeding these mouse strains
resulted in Runx1** (wild type), Runx1'*** Runx1*- and
Runx1"*4- mice. Mice were born in Mendelian frequencies,
but a subset of Runx1**- mice (36%) displayed early post-
natal lethality and were eaten by their mother, precluding in
depth analysis. Surviving Runx1™*4- mice were runted, which
persisted upon aging with a significantly lower body weight in
7-8-month-old Runx1*4- mice compared to controls (Suppl.
Figure S1).

Runx1484- mice display thrombocytopenia and a defect in
lymphopoiesis

Runx1#4- mice displayed thrombocytopenia—an import-
ant feature of RUNX1-FPD—with robustly and significantly
decreased platelet numbers in comparison to both wild type
and Runx14#4%* animals (Figure 1B). No significant differences
were found in the leukocyte numbers and hemoglobin levels,
but immunophenotypic analyses revealed a non-significant
increase in (Gr1*Mac1*) granulocytes and reduction in (B220*)
B-cell numbers in Runx1#4 mice (Figure 1B, C; Suppl. Figure
S2A), with a resulting increase in the granulocyte to lympho-
cyte ratio, indicative of myeloid skewing in the peripheral blood
(Figure 1C).

Cellularity of the bone marrow was unaltered in Runx 11454~
mice compared to controls (Figure 1D), but there was a sig-
nificant reduction of B-cell numbers in Runx1"'*4~ mice in
comparison to Runx1“'*» mice with a resulting increase of
the myeloid/lymphoid ratio, reflecting findings in the peripheral
blood (Figure 1E; Suppl. Figure S2B).

The number of immunophenotypic long-term (LT) (lin-cK-
it*Scal* (LKS) CD34-Flt3-) hematopoietic stem cells (HSCs)
was unaltered in Runx1#4- mice (Figure 1F, Suppl. Figure
S2C), but increased short-term (ST) HSCs (LKS CD34+Flt3-)
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Figure 1. Germline loss-of-function of Runx1 results in thrombocytopenia and a myeloid-biased hematopoiesis in Runx1-'#%4- mice. (A) Schematic
representation of the RUNX1 protein showing the Runt homology domain (RHD) and Transactivation domain (TAD) and the consequences of mutant alleles on
protein structure, shown is isoform b. (B) Peripheral blood values indicate the robust presence of thrombocytopenia in Runx1-'#4~ mice. (C) The number of
white blood cell subsets indicates an increased myeloid/lymphoid ratio in Runx1-#4~ mice. (D) Bone marrow cellularity. (E) Reduced numbers of bone marrow
B220* B cells and an increased myeloid/lymphoid ratio in Runx1-"#4~ mice. (F) Increased numbers of LK and LKS subsets in Runx 1'%/~ mice. (G, H) Increased
numbers of immunophenotypic granulocyte-monocyte progenitor (GMP) and short-term hematopoietic stem cells (LKS CD34+FIt3-) in Runx -4~ mice. n = 9
Runx1++, n = 9 Runx1-##+ n = 5 Runx1+*~, n = 6 Runx1-'#%4-, Data are indicated as mean + SD; *P < 0.05, **P < 0.01, ***P < 0.001; significance tested with
2-tailed one-way ANOVA and Tukey-Kramer HSD post-hoc test. PLT = platelet; Hb = hemoglobin; WBC = white blood cell count; PB = peripheral blood; BM = bone marrow; LK
= lin—cKit+Scal-; LKS = lin—cKit+Sca1+; MEP = megakaryocyte-erythrocyte progenitor; CMP = common myeloid progenitor; GMP = granulocyte-monocyte progenitor; LT = long term; ST =

short term; HSC = hematopoietic stem cell; MPP = multipotent progenitor.

and granulocyte-monocyte progenitor cells (GMPs, lin-cK-
it*Scal- (LK) CD16/CD32+*CD34*) were observed (Figure 1F-H;
Suppl. Figure S2C). Of note, ST-HSCs defined by CD34Flt3-
expression constitute a rather heterogeneous population that
likely also contains early myeloid-committed progenitor cells.’!

Runx1+- mice did not show significant differences in any of
these phenotypes, although a trend towards increased ST-HSCs
and GMPs was observed (Figure 1B-H).

To examine the functional capacity of Runx1"#4- HSCs, we
performed competitive transplant studies (Figure 2A) testing the
LT reconstitution ability of Runx1#4- HSCs versus wild-type
HSCs. Mice were sacrificed 16 weeks after transplantation and
donor contribution to reconstituted hematopoiesis was assessed.
Runx1444- HSCs displayed reduced repopulation ability, as
demonstrated by reduced CD45.2 chimerism in the peripheral
blood (71.4% = 5.5% vs 39.5% = 14.4% for Runx1** and
Runx1H1434- CD435.2 test cells, respectively). Within lymphocyte
populations, however, impaired repopulation ability was only sig-
nificant for the repopulation of lymphoid fractions (B220* B cells
76.2% = 7.6% vs 38.0+9.8%; CD3e* T cells 60.1% = 6.9% vs
11.3% = 6.4%, in the blood of transplanted animals; Figure 2B).

This was mirrored by a significantly and specifically reduced
contribution of Runx11#4~ cells to B cells in the bone marrow
(Figure 2C). The apparent discrepancy between Runx 1%~ con-
tribution to T-cell reconstitution in the bone marrow and blood
may be contributed to impaired extramedullary T-cell develop-
ment defects associated with Runx1 deficiency.”

Taken together, the data indicate that the combination of a
null and hypomorphic Runx1 allele results in robust thrombo-
cytopenia and myeloid-biased hematopoiesis, in part because
of an HSC intrinsic defect in lymphoid reconstitution ability.
Malignant transformation, including the development of AML,
was not observed in any of the Runx1"*4~ mice examined
by general assessment of their health status, organ inspection,
peripheral blood and bone marrow cell counts, and immuno-
phenotypic analyses of peripheral blood, bone marrow, and
spleen, despite considerable follow-up of up to 8 months.

Targeted deletion of Runx1 from bone marrow stromal cells
The contribution of Runx1-deficient non-hematopoietic cells
to the hematopoietic phenotype of RUNXI-FPD patients is
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Figure 2. Runx1-#4- HSCs have a competitive disadvantage in lymphoid reconstitution. (A) Runx7*+ or Runx1-“8~- CD45.2 BM cells were competi-
tively transplanted in a 1:1 ratio with CD45.1 competitor BM cells into lethally irradiated SJL mice that were sacrificed after 16 weeks. (B-C) Runx1-'#44~ have a
significant competitive disadvantage in the reconstitution of B220+ B lymphocytes as depicted by reduced chimerism in the blood (B) and bone marrow (C). n
=6 Runx1**, n = 5 Runx1-"“%+ data are indicated as mean + SD; **P < 0.01, ***P < 0.001; significance tested with 2-tailed Student’s t-test. BM = bone marrow;

PB = peripheral blood.

incompletely understood. In particular, the potential contribu-
tions of bone marrow stromal cells (BMSCs), which constitute
important HSC niches*® and have been shown to potentially
drive hematopoietic disruption and malignant transformation
upon primary genetic alteration,”* have not been rigorously
assessed. To address this, we exploited a mouse model of tar-
geted Runx1 deletion from BMSCs expressing a Cre recom-
binase under the control of the mesenchyme-specific Prrx1
promoter.’»33333% PRRX1 is involved in limb bud formation®
and expressed in BMSCs throughout development.?”** Previous
descriptions of the Prrx1-cre model (also known as Prx1-cre)
confirmed robust targeting of approximately 90% of LepR
expressing BMSCs that form a major source of factors support-
ing hematopoiesis.**

We crossed Prrx1-cre mice with mice in which the fifth exon of
Runx1 (previously annotated as exon 4) is flanked by LoxP sites
(Figure 3A),'"'"7 resulting in Prrx1-cre;Runx1™ mice that have
previously been reported to have no obvious limb phenotype.??

Runx1 deletion from BMSCs and their progeny in this model
was confirmed by genomic PCR, confirming recombination of
Runx1 in bone/bone marrow-containing tissues (collagenased
bone fractions and toe) (Figure 3B), in line with the develop-
ment of bone-associated cell types from PRRX1* stromal cells
(Figure 3B). The deletion was not observed in peripheral blood
cells or the liver, confirming deletion specificity in tissues con-
taining BMSCs and their differentiated progeny.

RNA sequencing of highly FACS purified CD51*Scal* (con-
stituting an MSC-enriched fraction) and CD51+Scal- (enriched
for LepR* osteo/adipolineage progenitor cells; OLC) confirmed
expression of Runx1 and Prrx1 in these BMSC populations
(Figure 3C, D) with specific excision of exon 5 in Prrx1-
cre;Runx1™ animals (not introducing a frameshift) as demon-
strated by DEXSeq analysis (Figure 3E).*

Recombination efficacy of the Prrx1-cre system was con-
firmed through analyses of collagenased bone fractions of Prrx1-
cre;TdTomato mice (n = 3), demonstrating a high recombination
efficiency in both MSC and OLC populations (with averages
of 91.8% = 2.0% and 87.7 = 6.9%, respectively; Suppl. Figure
S3A), very much in accordance with our RNA sequencing anal-
ysis using DEXSeq. Taken together, the data confirm very high
recombination efficacy of stromal HSPC niches by the Prrx1-cre
system in adult mice.

Deletion of Runx1 from BMSCs did not alter their relative fre-
quency within the bone marrow (Figure 3C) and had a relatively
modest impact on the transcriptional wiring of BMSC fractions,
with a limited number of genes significantly (P < 0.05) differ-
entially expressed in MSCs (41 genes) and OLCs (170 genes)
(Suppl. Figure S4A and Suppl. Table S1-2). Analysis of differen-
tially expressed gene programs by GSEA revealed enrichment of

transcriptional programs indicative of inflammatory activation
of BMSCs (Suppl. Figure S4B). Gene sets upregulated in both
MSCs and OLCs included TNFa signaling via NF-xB and inter-
feron signaling related programs, perhaps related to a previously
documented role of RUNXT1 in the dampening of inflammatory
signaling via NF-kB*-! and interferon®” signaling. Expression
of genes implicated in HSC maintenance and regulation such
as Cxcl12 and Kitl (also known as Scf) were not differentially
expressed in Prrx1-cre;Runx1# BMSCs (Figure 3D).

The establishment of a mouse model with Runx1 deficiency
in BMSCs allowed us to interrogate the effects of Runx1 defi-
ciency in the mesenchymal niche on steady-state hematopoiesis.
Blood and bone marrow analyses at the age of 4246 weeks did
not reveal any apparent hematopoietic phenotype. Sequential
automated blood counts revealed no differences in either plate-
let count, hemoglobin, or white blood cell count (Figure 4A);
neither were any white blood cell subsets altered in Prrx1-
cre;Runx1™ mice, as assessed by flow cytometry of peripheral
blood MNC:s (Figure 4B). Analysis of the bone marrow revealed
no difference in cellularity (Figure 4C). Bone marrow composi-
tion analysis using flow cytometry showed unaltered frequen-
cies of white blood cell subsets (Figure 4D) and HSPC subsets
(LK and LKS populations [Figure 4E], myeloid progenitors
[Figure 4F], and early progenitors [Figure 4G]). Together, these
data indicate that depletion of Runx1 specifically from BMSCs
does not result in alterations of steady-state hematopoiesis.

The Runx1 deficient (micro) environment does not contribute
to thrombocytopenia or myeloid-biased hematopoiesis in
Runx1-'%~4- mice

In the Prrax1-cre;Runx1™ model, we interrogated the contri-
bution of Runx1 deficiency, specifically in BMSCs, to steady-
state hematopoiesis. It is, however, conceivable that other
non-hematopoietic elements (including other components of the
bone marrow microenvironment) contribute to the disruption
of hematopoiesis in RUNX1-FPD. To investigate if Runx1 defi-
ciency in any other niche constituent could contribute to the
hematopoietic phenotype of Runx1**4~ mice, we transplanted
wild-type hematopoietic cells into Runx1“*%- and Runx1**
mice (Figure 5A). Two transplanted animals in the Runx 11434
group died after irradiation (8.5 Gy) and transplantation due
to graft failure and infection respectively, precluding LT follow
up of these mice. In the remaining transplant recipients near
complete donor (CD45.1 wild type) chimerism was confirmed
(Figure 5B) and mice followed up until 300 days after transplan-
tation. Sequential automated peripheral blood counts did not
show any differences in platelets, white blood cells, or hemo-
globin (Figure 5C). No significant and consistent differences
were found in the numbers of Gr1*Macl* granulocytes and
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Figure 3. Targeted deletion of Runx1 from bone marrow stromal cells in Prrx1-cre;Runx1™" mice. (A) Schematic diagram showing LoxP sites
surrounding exon 5 of the Runx1 gene and effect of recombination on the protein, shown is isoform b. (B) Genotyping by PCR confirms deletion of Runx1
in bone-containing tissue (collagenased bone/bone marrow and toe) specifically, with a minor deletion band in bone marrow, reflecting low frequen-
cies of BMSCs. (C) Representative FACS gating of BMSC populations (upper panel) and preservation of BMSC frequencies in Prrx1-cre;Runx1”" mice
(lower panel). (D) Significant loss of Runx1 exon 5 expression in both mesenchymal stem cell (MSC)- enriched and osteo/adipolineage progenitor cell-en-
riched (OLC) BMSC fractions from Prrx1-cre;Runx1”" mice. (E) No difference in gene expression of sorting markers and HSC supporting factors within
MSC and OLC populations from Prrx1-cre;Runx1”" and control mice. n = 2/3 Prrx1-cre;Runx1++, n = 3 Prrx1-cre;Runx1”". RHD = Runt homology domain;

TAD = transactivation domain; PB = peripheral blood; BM = bone marrow; L = liver; CB = collagenased bone/bone marrow; T =

OLC = osteo/adipolineage progenitor cell-enriched BMSCs.

toe; MSC = mesenchymal stem cell-enriched BMSCs;

B220* B cells in the peripheral blood (Figure 5D). Analysis of
bone marrow revealed unaltered cellularity (Figure SE) without
significant differences in numbers of white blood cell subsets
(Figure 5F), GMP, or ST-HSC numbers (Figure 5G-I).

Frequencies of MSC and OLC subsets within the bone mar-
row niche were unaltered in Runx1"'*4~ mice 10 months after
transplantation (Suppl. Figure S5).

Conversely, when CD45.2 Runx1*4- vs Runx1** hematopoi-
etic cells from 8-month-old mice were transplanted into lethally
irradiated CD45.1 recipient mice, we observed that Ruznx 11454~
hematopoietic cells recapitulated the key hematopoietic fea-
tures of Runx1"#4~ germline mice, notably thrombocytopenia,
myeloid/lymphoid skewing and an increase of ST-HSCs and
GMPs (non-significantly) in the bone marrow (Suppl. Figure S6).
Bone marrow CD45.2 chimerism was modestly lower (88.95%
+6.57% SD vs 97.38% = 1.13% SD, P = 0.003) for mice trans-
planted with Runx1M#4~ cells, consistent with the observed
reduced repopulation ability in competitive assays.

Collectively, the data from mice with targeted deletion of
Runx1 from BMSCs and the transplant in-out experiments with

Runx11*4- mice argue against a significant contribution of the
RUNX1 deficient bone marrow microenvironment or ancillary,
non-hematopoietic, cells to the hematopoietic phenotype of
Runx 1154 mice.

DISCUSSION

The cellular and molecular drivers of the hematopoietic
defects in RUNX1-FPD are incompletely understood, in part
because of the lack of disease models faithfully recapitulating
the dominant-negative effects of RUNX1 mutations in all cells
of the organism. The lack of such models has also precluded
formal insights into the potential contributions of ancillary,
non-hematopoietic cells to the hematopoietic manifestations of
this disease.

As complete loss of Runx1 in mice confers embryonic lethal-
ity,>’ insights in disease biology have so far been obtained from
observations in Runx1*~ heterozygous mice (carrying the muta-
tions in all cells but not recapitulating the dominant-negative
effect that RUNX1 mutations can have in a subset of patients)*”’
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Figure 4. Targeted deletion of Runx1 from bone marrow stromal cells does not disrupt hematopoiesis. Mice were examined at the age of 300-325
days. (A) Automated blood counts. (B) Numbers of Gri1*Mac1* myeloid cells, B220* B cells, and CD3e* T cells in peripheral blood (PB). (C) Bone marrow (BM)
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or models in which the Runx1 mutation was confined to hema-
topoietic cells (not recapitulating the omnipresence of the muta-
tion in RUNX1-FPD patients).

Here, we report on the LT follow-up of mice harboring
a hypomorphic germline mutation on a null background to
model residual RUNXT1 function below 50% as a proxy for
dominant-negative mutations in RUNX1-FPD. The model reca-
pitulates the thrombocytopenia found in patients and reveals an
increase in myelopoiesis relative to lymphopoiesis, a finding that
may carry relevance for the propensity for myeloid neoplasms
in patients.

Our findings on the hematopoietic abnormalities of
Runx1H44- mice seem largely in line with those reported in
studies exploiting Runx1 heterozygous mice!”3? and those with

a targeted knockout of Runx1 from hematopoietic cells,''”

converging on the notion that Runx1 deficiency in hematopoi-
etic cells results in a decrease in platelets, a defect in lymphoid
cell production, and an increase in myeloid potential.
Thrombocytopenia has been a robust finding in conditional
Runx1 knockout mice, with multiple reports finding a marked
decrease in bone marrow megakaryocytes and polyploidiza-
tion defects.!®'? Impaired lymphopoiesis, reflected in reduced
B-cell numbers in bone marrow and blood and reduced T cells
in the thymus have earlier been reported in conditional Runx1
knockout mice.!"!215 Similarly, increased immunophenotypic
GMPs''* and increased myeloid colony forming capacity (in
vitro)!®14? seem reproducible hematopoietic phenotypes in
mice, with potential relevance for human disease (iPSC models)



HemaSphere (2023) 7:2

www.hemaspherejournal.com

A

. " 2000 20 20—
Lethally irradiated . —-o— Runx1**
CD45.2 “E 18- E v Runx{ti4en
77 Runx1+* £ 15007 16 % 154
CD45.1 BM 2 s T
S 1000 « 2 14 o 10
oD 5 2 &
@® = T 12 x
500 Q 5
/-G Runx L1484 o 107 <
0 T T T T T 1 8 T T T T T 1 0 T T T T T 1
0 50 100 150 200 250 300 350 0 50 100 150 200 250 300 350 0 50 100 150 200 250 300 350
Days post transplantation Days post transplantation Days post transplantation
100+ 100+ 2.5 10—
s [as]
a a
2 80 2 80 + 20 © 8
5 2 g € . E
5 60 @ 60 3£ 154 o <6
£ E o3 E =
S 404 S 40| 5o 1.0 O 2 4
b s g e 5%
x
& 20 é 20| T =05 Q X,
(@] O]
0- 0- 0.0 T T I 0 T T T T T 1
ﬁ)"' & \}@yy 0 50 100 150 200 250 300 350 0 50 100 150 200 250 300 350
Q\&\*\ \s‘\ﬁ ~ @3‘\’\ Days post transplantation Days post transplantation

()

H

= S _s0- =N S _ 604 = 150+
£ 100 = 4.0 D150 Zg 60 g 150
2 5T ° 52 100+ G 50 ° 5B 1251
; 8.09 by §~3-0_ E E‘ vy 2 i 2 ;
° Qg © (a3 [l [}
28 o3 O 8 s5olde 0§ 4.0 o § 1.00
§ o 607 25 =S 2o o<
52 § 220 é: 5 é\a.o— o é\ws— o
[oR=1 4 [ 5 4 = o =
SE 7L 5¢ 2§ 209 3220 ° 3 2 0.50
2 @210 8wy o 2= 157 of oo«f ° o® i&
g 207 S5 I Sg 104 %8 5510 S > 025+ o °
5 32 ° GBI g3 050+ s 8% g2 i ¥
x @ X 8 x 2 2 % i
D e B 2% 0° < 07— 7 2% 0777 £
Runx1 Runxfons Gr1*'Macl* B220* CD3e LK LKS MEP CMP GMP LT-HSC ST-HSC MPP

Figure 5. The Runx1 deficient (micro) environment does not contribute to thrombocytopenia or myeloid-biased hematopoiesis in Runx1-14~-
mice. (A) Runx1++ and Runx1-'%#- mice were transplanted with CD45.1 bone marrow hematopoietic cells after lethal irradiation, and hematopoiesis was
analyzed after 10 months. (B) Blood and bone marrow contained >90% donor cells in all mice. (C) Automated blood counts. (D) Numbers of donor-derived
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in which increased CFU-GM colony formation has also been
observed.®*® The latter observation was present in an iPSC cell
line from a patient with a dominant-negative mutation (Runx1
R174Q),* and present in 1 of 2 tested iPSC cell lines from
patients with a loss-of-function mutation (monoallelic Runx1
deletion and Runx1 R139X).5%® Although insufficient data
is available to draw conclusions on genotype-phenotype rela-
tionships in RUNX1-FPD, the increase in the primitive myeloid
compartment found in multiple experiments seems to be better
reflected by Runx 14~ compared to Runx1*- mice.

The effects of Runx1 deficiency on stem cell function, in par-
ticular their competitive repopulation ability, is relevant in the
context of potential future gene correction and transplantation
strategies, that are unlikely to be effective if residual, non-cor-
rected Runx1 deficient HSCs have a competitive advantage over
corrected cells. Previous mouse models have led to conflicting
conclusions, with increased repopulation ability reported in a
heterozygous loss-of-function model,"” while studies using Mx1-
cre;Runx1™ bone marrow in transplantation setting reported
failure to repopulate the lymphoid lineage.''" Our finding
that Runx1“1434- HSCs have a competitive disadvantage to the
repopulation ability of wild-type HSCs, in particular a signifi-
cantly reduced contribution to the lymphoid lineage, is in line
with the latter publications on Runx1 null bone marrow.'%!!
Gene dosage-dependent effects of Runx1 deficiency on stem cell

function may provide an explanation for reported differences,
where heterozygous loss-of-function (represented by Runx1+-
mice) may result in increased repopulation ability, whereas fur-
ther reduction of RUNX1 function (as would be the case with
dominant-negative mutations and represented by Runx1-- and
Runx1“*%- models) may deteriorate the competitive ability of
HSCs to repopulate the marrow.

The establishment of Runx1:#4~ mice further allowed us to
experimentally define the contribution of non-hematopoietic
Runx1 deficient cells on the hematopoietic manifestations. The
bone marrow microenvironment, and particularly BMSCs, is piv-
otal in HSC maintenance and regulation, including roles in bal-
ancing myeloid versus lymphoid hematopoiesis,?! and has been
implicated in malignant transformation.?>** Transplantation
of wild-type hematopoietic cells into the Runx1 deficient envi-
ronment did not recapitulate the hematopoietic phenotype of
Runx 184~ mice, while transplanting Ruznx1"1*4~ hematopoi-
etic cells into a wild-type environment did, arguing against a
driving contribution of ancillary cells to the thrombocytope-
nia and myeloid-biased hematopoiesis observed in these mice.
This notion was corroborated in mice with targeted deletion
of Runx1 from BMSCs, the cellular components known to be
critical determinants of HSC behavior and implicated in hema-
topoietic disruption and malignant transformation.?”’ The
experimental data arguing against a driving role of the bone
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marrow microenvironment to thrombocytopenia seem in line
with observations of hematopoietic recovery after allogeneic
transplant in human patients, although detailed reports on LT
hematopoietic recovery after transplant in RUNX1-FPD seem
rather scarce.’-¢!

Collectively, previous reports recapitulating hematopoietic
defects by hematopoietic cell-specific deletion of Runx1'%-"7
and our current studies do not support a driving role of the
(bone marrow) microenvironment to disease pathogenesis. We
can, however, not exclude the formal possibility that Runx1
deficient hematopoietic cells cooperate with a Runx1 deficient
environment at some point during malignant transformation.
For example, it may be hypothesized that inflammatory exog-
enous stimuli, not recapitulated in our mouse model, such as
repeated infection, aging, the microbiome,®* and/or the acqui-
sition of additional mutations may lead to further inflamma-
tory activation of Runx1 deficient stromal and hematopoietic
cells that may be unable to dampen this inflammatory signal-
ing. Such exaggerated inflammatory activation of stromal cells
may subsequently promote genotoxic stress in HSPC and pro-
mote the selection of mutated clones resistant to inflammatory
signaling.?5-63-66

Future experiments will have to shed further light on these
possibilities. Our characterization of the Runx1*4- and
Prrx1-cre;Runx1™ models is anticipated to foster these stud-
ies and facilitate other studies aimed at further elucidating the
pathogenic mechanisms underlying RUNX1-FPD.
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