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How genetic haploinsufficiency contributes to the clonal dominance of hematopoietic

stem cells (HSCs) in del(5q) myelodysplastic syndrome (MDS) remains unresolved. Using

a genetic barcoding strategy, we performed a systematic comparison on genes implicated

in the pathogenesis of del(5q) MDS in direct competition with each other and wild-type

(WT) cells with single-clone resolution. Csnk1a1 haploinsufficient HSCs expanded

(oligo)clonally and outcompeted all other tested genes and combinations. Csnk1a12/1

multipotent progenitors showed a proproliferative gene signature and HSCs showed a

downregulation of inflammatory signaling/immune response. In validation experiments,

Csnk1a12/1 HSCs outperformed their WT counterparts under a chronic inflammation

stimulus, also known to be caused by neighboring genes on chromosome 5. We therefore

propose a crucial role for Csnk1a1 haploinsufficiency in the selective advantage of

5q-HSCs, implemented by creation of a unique competitive advantage through increased

HSC self-renewal and proliferation capacity, as well as increased fitness under

inflammatory stress.

Introduction

Deletion of the long arm of chromosome 5 (del(5q)) is the most common cytogenetic aberration in mye-
lodysplastic syndromes (MDSs).1-3 Del(5q) MDS is a malignant clonal disorder of hematopoiesis arising
in a hematopoietic stem cell (HSC). HSCs acquire a deletion of 1 copy of the long arm of chromosome
5 (ie, haploinsufficiency of 5q). The 5q-haploinsufficient HSCs gain a clonal advantage in the bone
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Key Points

� Csnk1a1
haploinsufficient
hematopoietic stem
cells outcompete
other key genes in
del(5q) MDS in direct
competitive
transplantation.

� Chronic inflammatory
stress increases the
competitive advantage
of Csnk1a1
haploinsufficient
hematopoietic stem
cells.
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marrow and outcompete normal hematopoiesis. A critical, yet unre-
solved question remains as to how genetic haploinsufficiency con-
tributes to the clonal dominance of HSCs.

Extensive research over the past 3 decades has led to the identifi-
cation of several candidate genes within the commonly deleted
regions on chromosome 5, involved in disease pathophysiology.
Comprehensive molecular analyses using SNP-A karyotyping,
whole-exome sequencing, and targeted sequencing have revealed
recurrent somatic mutations involving CSNK1A1 and G3BP1 in the
commonly deleted regions. In the commonly retained region,
DDX41 is mutated in only a minority of myeloid neoplasms with
del(5q), which indicates that these mutations are not required for
the phenotype.1-5 Thus, it has been proposed that haploinsufficiency
of 1 or multiple genes is responsible for the disease phenotype and
clonal expansion of 5q2 HSCs.6

Conditional heterozygous inactivation of genes in murine models
provides an excellent model system for recapitulating acquired
genetic haploinsufficiency in vivo. Functional studies have revealed
individual genes that contribute to the clinical phenotype of del(5q)
MDS and affect HSC regulation by haploinsufficiency. In particular,
genes involved in cell cycle regulation, such as Csnk1a1, Egr1, and
Apc, have been shown to provide a growth advantage within the
HSC compartment.1,7-13 Egr1 is a transcription factor involved in
multiple cell proliferation pathways. Knockout of Egr1 in the hemato-
poietic system leads to increased proliferation and mobilization of
HSCs, and Egr1 haploinsufficiency vastly accelerates the emer-
gence of myeloid and lymphoid malignancies after DNA dam-
age.12,13 Apc haploinsufficiency leads to increased cycling,
apoptosis, and expansion of short-term HSCs (ST-HSCs) but ulti-
mately to exhaustion of the HSC pool.8,9 Impaired erythropoiesis in
del(5q) MDS has been linked to heterozygous deletion of
RPS14.14,15 Rps14 haploinsufficiency, however, does not lead to a
clonal advantage of HSCs. These studies demonstrated that
del(5q) MDS is a contiguous gene syndrome, in which haploinsuffi-
ciency for more than 1 gene contributes to the phenotype.16,17

Both Csnk1a11 and Apc8,18 are central regulators of b-catenin
function and are inactivated in �95% of cases with del(5q) MDS.
b-Catenin is a major driver of stem cell self-renewal and neoplasia
in multiple cellular lineages. Besides HSC-intrinsic mechanisms in
the clonal expansion of 5q2 HSCs, growing evidence suggests
that extrinsic, microenvironmental factors favor the expansion of
5q2 HSCs.19-21

In del(5q) MDS, the question remains as to which gene or combina-
tion of genes contributes to the clonal advantage of HSCs and
which molecular mechanisms are responsible. Examining the relative
impact of multiple individual genes, alone and in combination, is
cumbersome when using standard in vivo methodologies. Conven-
tional competitive repopulation assays are limited by the fact that
only 1 genotype can be transplanted against a competitor wild-type
(WT) cell population. As these assays are strongly influenced by the
variability in mice (eg, microenvironment and irradiation, among
others), it is difficult to directly compare different genotypes with
one another. In the present investigation, a genetic barcoding
approach within the same microenvironment was used to assess a
clonal advantage amid competing, genetically distinct cells with hap-
loinsufficiency for the 5q2 genes Csnk1a1, Egr1, and Apc.

Materials and methods

Animal studies

Csnk1a1 conditional knockout mice1 and Apctm1tyi/j,22 Egr1tm1jmi/j,23

and Ctnnb1tm2kem,24 mice have been described previously. Com-
pound haploinsufficiency was achieved by crossing the conditional
knockout mice with each other and with Mx1-Cre mice. Details are
supplied in the supplemental Methods.

Mouse experiments were performed according to an Institutional
Animal Care and Use Committee–approved protocol at Children’s
Hospital Boston and protocols approved by the Central Animal
Committee (Centrale Commissie Dierproeven [CCD], The Nether-
lands, under approval AVD1010020173387).

Competitive transplants

In competitive bone marrow transplantation studies, freshly isolated
CD45.21 bone marrow cells were harvested, equally mixed with
freshly isolated CD45.11 bone marrow competitor cells and trans-
planted into CD45.11-recipient mice. 4 weeks after transplantation,
the excision was induced in the floxed genotypes crossed to
Mx1Cre1 by polyinosinic-polycytidylic acid (poly(IC)) injection (sup-
plemental Methods). Donor blood cell chimerism was determined as
indicated. Details are supplied in the supplemental Methods.

Barcoding and barcoding transplant

A 33-bp DNA barcode was generated consisting of a defined 6-bp
library sequence at the 59 (to mark the genotype) followed by a
large, random 27-bp (single-cell specific) sequence and cloned into
a lentiviral pLKO (GFP) vector. Ckit1 hematopoietic stem and pro-
genitor cells (HSPCs) were isolated from the bone marrow of the
different haploinsufficient or compound haploinsufficient mouse lines
described herein, cultured for 16 hours before transduction (multi-
plicity of infection, ,0.5). Twenty-four hours after infection, GFP1

cells were sorted and counted manually, and the different genotypes
were pooled in equal ratios. Cells (�500000 in 150 mL) were
injected IV into each of the lethally irradiated mice for the first trans-
plant. Four weeks after transplantation, the excision was induced in
the floxed genotypes crossed to Mx1Cre1 by poly(IC) injection
(supplemental Methods). For the second transplant, 3 3 106 whole
bone marrow cells from each mouse were transplanted into lethally
irradiated second recipients.

Genomic DNA was isolated from purified cell populations at
selected time points. A polymerase chain reaction step was used to
amplify the DNA barcode. Sequencing was performed on an Illu-
mina GAII sequencer of the RNAi consortium at the Broad Institute.
Details are described in the supplemental Methods.

Single-cell sequencing

Bone marrow was isolated and the lineage depleted by magnetic
bead separation with an indirect lineage depletion kit (Milteny Bio-
tec). Lineage-negative (lin2) bone marrow was analyzed, and viable
lin2Sca11ckit1 (LSK) HSC were sorted. Sorted cells were proc-
essed using the 10x Genomics Chromium Controller pipeline.
Details are supplied in the supplemental Methods.

Dynamical systems model

For each genotype, the dynamic systems model considered mitotic
cells in the bone marrow and mature granulocytes in the
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bloodstream. Mitotic cells are characterized by their proliferation rate
(quantifying the number of divisions per unit of time) and their self-
renewal probability (quantifying the probability that progeny of a
mitotic cell is mitotic; ie, nonmature). Self-renewal and proliferation
are regulated by nonlinear feedback loops. The proliferation rate
depends on the number of mature granulocytes. The self-renewal
probability in the model depends on the number of mitotic bone
marrow cells, which reflects the impact of microenvironmental cues
for the regulation of self-renewal. The feedback loops and properties
of WT cells are calibrated based on experimental data after bone
marrow transplantation. Proliferation and self-renewal of the haploin-
sufficient genotypes are fitted to the data from the barcoding experi-
ments. A detailed model description is provided in the supplemental
Methods.

Quantification and statistical analysis

Statistical analysis, excluding that for single-cell RNA-sequencing
data, was conducted with GraphPad Prism v8.0 and v9.0. Unless
otherwise specified, data are presented as the mean 6 standard
error of the mean. P values lower than .05 were considered statisti-
cally significant. Significance is indicated as follows: *P # .05;
**P # .005; ***P # .0005; ****P # .00005.

Results

Genetic barcoding in a competitive setting allows

for tracking of single clones over time

To dissect the clonal advantage of genetically heterogeneous cells on
a single-cell level and their relative contribution to hematopoiesis, a
genetic barcoding approach for competitive transplants was estab-
lished by modifying previously published lentiviral genetic barcoding
strategies.25 This cellular barcoding approach systematically compares
genes implicated in the pathogenesis of del(5q) MDS in direct com-
petition with each other and WT cells with single-clone resolution.

HSPCs from heterozygously floxed Csnk1a1 and Apc mice crossed
with Mx1Cre1 mice, from heterozygous Egr1 mice and Mx1Cre1

cells, as WT controls were isolated and transduced with a
genotype-specific barcode library (Figure 1A; supplemental Figure
2A). Because the object was to analyze the potential for clonal
expansion and not engraftment, the excision of the floxed alleles
was induced by polyinosinic-polycytidylic acid [poly(I:C)] injection 4
weeks after transplantation (Figure 1A, after engraftment). High
gene marking (GFP1) at the end of the first transplant in both hema-
topoietic progenitor cells and lineages proved that successful long-
term reconstitution of hematopoiesis by transplanted barcoded
HSPCs was achieved. It reached 95%64% within the granulocyte
compartment at 26 weeks and 83.6%611% in the LSK compart-
ment at 26 weeks (supplemental Figure 2B). The clonal output
within the granulocyte lineage correlated with the clonal proportions
in the LSK progenitor cell compartment, as has been reported,25,26

indicating that the clonal composition of the granulocyte lineage
reflects the clonal composition of the stem cell compartment.

Recovered barcodes at the start of the experiment (first time point;
week 4, before poly(I:C)) showed engraftment of libraries from all
genotypes with high clonal complexity (supplemental Figure 2C-D).
WT clones showed the highest “richness,” in terms of the highest
number of unique clones, followed by Csnk1a1, Egr1, and Apc hap-
loinsufficient clones (supplemental Figure 2D).

Unbiased clustering on barcode composition per time point faithfully
grouped samples from the same mouse together, suggesting only
minimal barcode sharing (supplemental Figure 3). WT clones
showed the highest proportional engraftment on average followed
by Csnk1a1, Egr1, and finally Apc haploinsufficient clones (see Fig-
ure 3B). Clonal composition of genotypes, as well as expansion of
single clones and their contribution to blood lineages, was followed
over time. Dominating clones, reconstituting 95% of hematopoiesis,
changed greatly within the first 4 weeks, in line with previous reports
of barcoded hematopoiesis in a transplantation setting.27 In our
experimental model of competing del(5q) haploinsufficient genes
and WT hematopoiesis, the overall number of unique clones recon-
stituting 95% of granulopoiesis and the diversity of the clonal popu-
lation decreased steadily over time (supplemental Figure 2C-D).

WT hematopoiesis is recurrently outcompeted by

del(5q) genotypes

The LSK fraction in the bone marrow of 5 transplant-recipient mice
showed heterogeneous proportions of genotypes among the mice
after 26 weeks (Figure 1B). Mouse 2 showed oligoclonal expansion
of Egr11/2 and Csnk1a11/2 clones in the bone marrow in 2 con-
secutive transplants with nearly complete repression of WT hemato-
poiesis. In mouse 3, large oligoclonal Csnk1a11/2 clones steadily
expanded, and 2 distinct clones completely dominated the bone
marrow in the second transplant (Figure 1B-C). In both mice, the
dominance of Csnk1a11/2 clones increased, whereas the number
of clones per genotype decreased. WT hematopoiesis was steadily
outcompeted in mice 2, 3, and 4 in the first transplant and in mice
1, 2, and 3 in the second transplant (Figure 1B-C; supplemental
Figure 2D). These data highlight that the advantage of del(5q) geno-
types, compared with WT cells, manifests slowly but steadily, and is
enhanced by additional stress (eg, secondary transplantation).

Changes in cell properties can faithfully model

clonal evolution of barcoded genotypes

We hypothesized that the heterogeneity of clonal composition
among recipient mice could be caused by (1) a varying number of
transplanted/engrafted cells per genotype because of stochastic
sampling from a limited cell pool, (2) different clonal driver fitness of
the transplanted genotypes, and (3) different response to environ-
mental factors. To test these hypotheses and check the validity of
the genetic barcoding transplantation experiments, a dynamic sys-
tems model was developed based on experimental data (Figure
2A). The model considers 2 compartments: (1) postmitotic differen-
tiated cells in the blood with the ability to feed back to the stem cell
compartment and (2) an actively dividing progenitor compartment
with different self-renewal and proliferation properties for each geno-
type (Figure 2A). Proliferation and self-renewal may be different for
each genotype. Importantly, experimental data were in agreement
with the model 8 to 26 weeks after transplantation (Figure 2D), indi-
cating that the experimental results can be explained by the compe-
tition of different genotypes with specific cell properties. The fit of
the model implies that Csnk1a1 haploinsufficient stem cells showed
a trend toward decreased proliferation (Figure 2B) but increased
self-renewal (Figure 2C) compared with WT (optimal fit of self-
renewal larger than self-renewal of WT in all mice (P , .1 in 1
mouse; Figure 2C) and a relatively small variation among the mice.
The data also indicate that Csnk1a1 haploinsufficient cells
were more robust (eg, to extrinsic conditions), whereas Egr1
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haploinsufficient cells were more variable in regard to self-renewal
parameters (Figure 2C). Apc haploinsufficient clones interestingly
showed a trend toward higher proliferation in some mice that may
explain why they are exhausted over time, in line with previous
reports.18 The disagreement between the model and the data at 4
weeks after transplantation could have been caused by temporary
engraftment of progenitor cells from the transplant that show sto-
chastic fluctuation and exhaustion over time.28

As genotypes in the experiments did not engraft in strictly equal
proportions and demonstrated experimental variation (supplemental
Figure 1D), computer simulations were run to determine how differ-
ences in the number of engrafted cells affect the interindividual het-
erogeneity of clonal evolution. To take environmental (extrinsic) or
individual factors into account, the impact of small variations of cell
properties (proliferation and self-renewal) on clonal evolution was
also simulated. Perturbing the number of transplanted (or
engrafted) cells per genotype (within a 620% range) barely
affected the proportions of competing genotypes (Figure 2E).
Notably, perturbation of cell properties within a 620% range had a
strong impact on the expansion of the respective genotype (Figure
2F), which suggests that differences in the number of cells at
engraftment play a less significant role in clonal evolution than
interindividual differences in cell properties (eg, response to envi-
ronmental factors and intrinsic differences). Simulations perturbing
the initial clone size demonstrates that the number of cells initially
engrafted does not impact if a clone expands or decreases (Figure
2G). In contrast, genotype-specific cell parameters strongly deter-
mined the expansion capacity of a clone (Figure 2G).

The genotypes Csnk1a1 and Egr1 have the potential

to clonally expand

The del(5q) genotypes, Csnk1a1 and Egr1, started steady (oligo)clo-
nal expansion, whereas most Apc clones were exhausted over time
or were effectively outcompeted (Figures 1C and 2B; supplemental
Figure 2D). Because completely equal engraftment of genotypes
among mice was not observed, genotype-specific growth dynamics,
independent of the total abundance or clone size of a genotype
across mice, was tested throughout all time points after the first
transplant. Initially, clones from all mice were pooled and then nor-
malized to their size at week 8. The individual clones per genotype
were then categorized into (1) expanding (doubling), (2) steady, and
(3) decreasing. A significantly larger fraction of expanding Csnk1a1
and Egr1 haploinsufficient clones compared with WT clones (Figure
3A) was found, suggesting increased expansion behavior and stabil-
ity of clones from these genotypes, regardless of the total clone size.

To test genotype expansion independent of the abundance at
engraftment, genotype abundance throughout first and second
transplant was examined. A significant proportional increase in
clones with Csnk1a1 haploinsufficiency from week 8 in granulo-
cytes to week 26 of the first transplant and throughout 26 weeks of
the secondary transplant in HSCs (LSK; Figure 3B) was noted. This
demonstrates that Csnk1a1 and Egr1 haploinsufficient HSCs have

the potential to clonally expand and to dominate hematopoiesis,
despite their heterogeneity at engraftment and despite differences
in microenvironmental cues. Csnk1a1 haploinsufficient clones
showed an increased competitive advantage by steadily increasing
in proportion through the first and second transplant. In particular
Apc haploinsufficient clones engrafted poorly but proliferated and
persist (Figure 2).

In summary, we demonstrated that genetic haploinsufficiency of
del(5q) genes can lead to an oligoclonal expansion of HSCs, which
was assumed but had not been shown formally. Clonal expansion
slowly but steadily progresses and is enhanced by secondary trans-
plantation, leading to clone selection.

Csnk1a1 haploinsufficiency alone clonally

dominates the bone marrow, in comparison with

combinations with Apc and Egr1, and is dependent

on b-catenin

How combined haploinsufficient clones would behave within 1
microenvironment was then examined. Based on our data, we had
hypothesized that nuclear induction of b-catenin in Csnk1a1 hap-
loinsufficiency is a major driver of HSC expansion.1 To functionally
test that the proliferative advantage of Csnk1a1 haploinsufficiency is
abolished when b-catenin expression is decreased (b-catenin hap-
loinsufficiency), we included Csnk1a11/2Ctnnb11/2Mx1Cre1 cells
in the systematic comparison. In this approach, barcoded ckit1 cells
isolated from (1) Mx1Cre1 as WT, (2) Csnk1a11/flApc1/flMx1Cre1,
(3) Csnk1a11/flEgr11/2Mx1Cre1, (4) Csnk1a11/flMx1Cre1, and
(5) Csnk1a11/flCtnnb11/2Mx1Cre1 mice were transplanted. Again,
barcode marking was high, and WT clones showed the highest
mean proportional engraftment after 4 weeks in the granulocyte
compartment (34.2% 6 16.4%) followed by Csnk1a1 haploin-
sufficient clones (26.8% 6 6.8%), Csnk1a1/Egr1 haploinsuffi-
cient clones (22.9% 6 18.8%), Csnk1a1/Ctnnb1 haploinsufficient
clones (16% 6 6.7%), and Csnk1a1/Apc haploinsufficient clones
(9.9% 6 2%; Figure 4C; supplemental Figure 4A). Clustering on
the Morisita-Horn index of barcodes per time point grouped samples
from the same mouse together (supplemental Figure 4D).

The clonal composition of the bone marrow in first and second
transplants (Figure 4A) was then analyzed. Csnk1a1 haploin-
sufficient LSK cells dominated the bone marrow over com-
bined haploinsufficiency of Egr1 and Apc and expanded
(oligo)clonally, in particular in the second transplant (Figure
4A-B). As also seen in the conventional competitive transplan-
tation assay (see Figure 5), Csnk1a11/2Apc1/2 and
Csnk1a11/2Ctnnb11/2 LSK cells were outcompeted in the
HSC fraction and performed even worse than WT cells, indi-
cating that too high and too low levels of b-catenin are detri-
mental to HSC function. Again, a significant increase in the
proportion of clones was seen with Csnk1a1 haploin-
sufficiency starting at week 4 in the peripheral blood and
throughout the HSC analysis in the bone marrow in the first

Figure 1. Genetic barcoding in a competitive setting allows for the tracking of single clones over time. (A) Experimental design. HSPCs of different del(5q)

genotypes were transduced with a lentiviral vector containing synthesized genetic barcodes, sort purified for GFP expression, mixed, and transplanted in an equal ratio into

WT recipients (n 5 5). (B) Genotype composition of 85% dominant barcoded clones within the bone marrow LSK fraction after the first and second transplants. The right

half of the stacked bars represents individual clones. Mouse 4 died after the first transplant. (C) Representative example of the 85% dominant clones within granulocytes

and LSK cells over time in mice 2, 3, and 5. Lines represent the tracking of the 20 largest LSK clones (first transplant) throughout the other time points.
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and second transplant (Figure 4C). All other genotypes includ-
ing WT cells were outcompeted (Figure 4C).

Csnk1a1 or Egr1 haploinsufficiency alone has a

stronger competitive advantage than combinations

of Csnk1a1 with Apc and Egr1 haploinsufficiency

To validate the findings from the competitive genetic barcoding
experiments, the same genotypes were tested in conventional com-
petitive transplants, where genes of interest compete with WT com-
petitor cells. Comparable to the genetic barcoding approach,
mouse models with haploinsufficiency for Csnk1a1, Apc, Egr1, and
Ctnnb1, as well as double-haploinsufficient mice, to test a combina-
torial effect (Figure 5A), were included. Equal engraftment of all gen-
otypes at 4 and 8 weeks after transplant (before and after poly(I:C)
induction) was observed, confirming that there is no engraftment
deficit for any of the tested genotypes (supplemental Figure 5A).
Furthermore, no major changes in the proportions within the LSK
compartment, when CD45.2 (haploinsufficient genotypes) were
compared to the CD45.1 WT competitor cells (supplemental Figure
5C), were detected.

Over time, Csnk1a1 haploinsufficient HSCs gained an advantage
over WT cells in the blood during the first transplant. This advantage
was reestablished in the secondary transplant, where Egr1 haploin-
sufficient cells also outcompeted WT cells in the blood over time
(Figure 5B). Both Csnk1a1 and Egr1 haploinsufficiency alone, as
well as the combined haploinsufficiency of Csnk1a1 and Egr1, led
to a significant dominance of CD45.21 LSKs in the bone marrow at
the end of the secondary transplant. Apc haploinsufficient LSKs did
not outcompete WT LSKs in the first transplant and were depleted
in the secondary transplant (Figure 5C). This is in accordance to
previously published data of reduced long-term repopulation capac-
ity of Apc haploinsufficient HSCs.8,18

The combination of Csnk1a1/Egr1 haploinsufficiency gained an
advantage over WT LSKs only in the secondary transplant. Interest-
ingly, the combination of Csnk1a1/Apc and Csnk1a1/Ctnnb1
haploinsufficiency was comparable to WT LSKs. Ctnnb1 haploinsuf-
ficiency alone led to a significant disadvantage of the HSC function,

as seen within LSK bone marrow and blood cell output in the first
transplant and more pronounced in the secondary transplant (Fig-
ure 5B-C). b-Catenin protein levels measured by intracellular flow
cytometry were graded in LSKs from WT, Csnk1a12/1,
Csnk1a12/1Apc2/1, and Csnk1a12/1Ctnnb1/1 mice. They were
elevated in Csnk1a12/1 LSK, highest in Csnk1a12/1Apc2/1LSK,
and comparable to WT in Csnk1a12/1Ctnnb1/1 LSK (supplemen-
tal Figure 5B). This highlights the sensitivity of HSCs to b-catenin
dosage in regard to their competitive performance.29

The systematic comparison of different haploinsufficient del(5q)
MDS genes in the gold standard of competitive transplantation thus
recapitulated the findings from the genetic barcoding competitive
transplants. It was shown that Csnk1a1 and Egr1 haploinsufficient
cells outcompete WT competitor cells over time in a secondary
transplant and suggest that Csnk1a1 and Egr1 particularly contrib-
ute to the clonal advantage of the HSC in del(5q) MDS. The results
did not confirm our initial hypothesis of combinatorial effects of
Csnk1a1 and Egr1 haploinsufficiency, leading to a more pro-
nounced clonal expansion.

Csnk1a1 haploinsufficient HSCs show

proproliferative signaling and metabolic activation

How Csnk1a1 haploinsufficiency leads to steady clonal expan-
sion, while increasing (or maintaining) stem cell fitness over
successive transplantation was investigated next. To evaluate
the cell intrinsic differences between Csnk1a1 haploinsufficient
HSCs and WT (Mx1Cre1) HSCs, single-cell RNA-sequencing
of the progenitor compartment was performed 24 weeks after
transplantation into WT recipients comparable to the competi-
tive assays (Csnk1a12/1Mx1Cre1 [6 mice, �33 000 single
cells; WT/Mx1Cre1 (5 mice], �42 000 cells; supplemental Fig-
ure 6A-D). Downregulation of Csnk1a1 in the haploinsufficient
condition could be confirmed in all cell clusters (supplemental
Figure 6E).

Unsupervised clustering of recovered cells led to the identification
of 12 clusters (Figure 6A; supplemental Figure 6F). These 12 identi-
fied clusters formed a continuum of differentiation and cell cycle
activation from naive and quiescent hematopoietic stem cells to

Figure 2. Perturbation of cell properties can faithfully model clonal evolution of barcoded genotypes. (A) Structure of the mathematical model. The model

considers proliferation and self-renewal of mitotic cells in the bone marrow that give rise to circulating granulocytes. For simplicity, the mitotic cell types are modeled as 1

cell population. Mitotic cells are characterized by their kinetic cell properties: proliferation rate (quantifying the number of divisions per unit of time) and self-renewal

probability (the probability that offspring originating from division are again mitotic cells). In agreement with the data, proliferation and self-renewal are regulated by feedback

loops depending on the number of mature and mitotic cells, respectively. The model takes into account 4 different genotypes (WT, Apc1/2, Egr11/2, and Csnk1a11/2) with

different cell properties. (B-C) The fitted proliferation rates (B) and self-renewal probabilities (C) per mouse for Apc1/2, Egr11/2, and Csnk1/2 mice (1-5) with the respective

95% confidence intervals. The WT cell properties are indicated with a pink dotted line. (D) Fit of the model to the 5 mice. Cell properties (proliferation rates and self-renewal

probabilities) of WT cells have been calibrated based on steady cell counts and reconstitution after bone marrow transplantation. Cell properties of other genotypes have

been fitted to the data. The measured cell counts of each of the genotypes have been pooled. Dots signify the experimental data points; lines signify the model predictions.

(E) Trajectories of clonal evolution are robust with respect to perturbations of the initial number of cells. The depicted simulations show how the clonal evolution in mouse

1 depends on the number of initial cells. The number of cells of each genotype had been independently perturbed in the range of 620%. The differences in the initial

number of cells between the genotypes resulted only in minor changes in the observed clonal evolution. The figure is based on 1000 simulations, with random perturbations

from a uniform distribution. (F) Trajectories of clonal evolution are sensitive to small changes in mitotic cell properties (proliferation rates and self-renewal probabilities). The

depicted simulations show how the clonal evolution in mouse 1 changed if proliferation and self-renewal of Apc1/2, Egr11/2, and Csnk1a11/2cells were perturbed by

620%. The figure is based on 1000 simulations, with randomly perturbed cell properties from a uniform distribution. (G) Fold change in the number of cells between weeks

4 and 26 is robust with respect to perturbations of the initial cell number but sensitive to small changes in mitotic cell properties. The panels show the fold change in the

number of cells for each genotype in mouse 1 for perturbed initial cell counts (top) and perturbed mitotic cell properties (ie, proliferation rates and self-renewal probabilities

of Apc1/2, Egr11/2, and Csnk1a11/2cells; bottom). The initial number of cells was independently perturbed in the range of 660%. Cell properties were perturbed in the

range of 620%. The figure is based on 1000 simulations. Perturbations were sampled from a uniform distribution.
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lineage marker–expressing, highly cell cycle–active, committed pro-
genitors. All cell clusters were represented in both Csnk1a1 hap-
loinsufficient and WT cells (Figure 6B). The most immature HSC
cluster was reduced in the Csnk1a1 condition compared with WT,
whereas the downstream uncommitted progenitors (ST-HSC, inter-
mediate progenitors, such as MPP2-3) were expanded (supplemen-
tal Figure 6C-D).

Gene set enrichment analysis of hallmark gene sets within each
population was performed to compare Csnk1a1 haploinsufficient
cells and WT cells. Significant upregulation of proliferative and

differentiation pathways, such as the hallmark pathways Myc targets,
E2F targets, and oxidative phosphorylation, were observed. These
pathways were significantly upregulated in Csnk1a1 haploinsuffi-
cient cells in the LT-HSC cluster as well as ST-HSC, megakaryo-
cyte/erythroid progenitors, and early MPP clusters. In more
committed progenitor clusters, such as myeloid progenitors (Figure
6C), this upregulation was not apparent. Upregulation of down-
stream target genes of the transcription factors Myc and E2f sug-
gests active proliferation and differentiation of haploinsufficient
Csnk1a1 cells.30 This result is in line with finding S-phase–related
genes upregulated in the haploinsufficient samples (Figure 6D),
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corroborating previous findings of increased cell cycle activity in
Csnk1a1 haploinsufficient LSK with flow cytometry.1

Downregulation of inflammatory pathways in

Csnk1a1 haploinsufficient HSCs

Simultaneously, and unexpectedly, significant downregulation was
observed in pathways related to inflammatory signaling, such as
TNF-a signaling via NF-kB and interferon-A response (Figure 6C,E-
F). These changes were mostly seen in immature populations and
were especially pronounced in LT-HSCs and ST-HSCs, as well as
in erythroid/megakaryocytic lineage progenitors (Figure 6E- F). Pre-
dictions of transcription factor activity by testing enrichment of tran-
scriptional target gene regulons fit well with this assumption by
predicting increased activity of well-known drivers of proliferation
and differentiation. These include the transcription factors Myc and
Myb in LT-HSCs with concurrent decrease of Stat1, Stat3, Irf1
(interferon-a response) and Rela (NF-kB) activity (Figure 6G). Differ-
ential gene expression comparing Csnk1a1 haploinsufficient cells to
WT cells in the different HSC clusters was used to infer pathway

activity based on pathway perturbation footprint data.31 In line with
the findings from the gene set enrichment analysis, the pathways
JAK-STAT, TNF-a, and NF-kB signaling were downregulated and
most pronounced in LT-HSC and erythroid progenitors (supplemen-
tal Figure 6G).

We hypothesized that downregulation of inflammatory signaling in
the most immature hematopoietic stem cells may confer a competi-
tive advantage to Csnk1a1 haploinsufficient HSCs that is exacer-
bated in stress conditions such as inflammatory stress and serial
transplantation. Therefore, the performance of Csnk1a1 haploinsuffi-
cient stem cells under exogenous inflammatory stress was tested.

The competitive advantage of Csnk1a1
haploinsufficient HSCs is increased under

exogenous inflammatory stress

The function of Csnk1a1 haploinsufficient and WT HSCs under
exogenous inflammatory stress in vivo in a competitive transplanta-
tion assay was tested. Because TNF-a and IFN signaling was

Figure 4. Csnk1a1 alone clonally dominates the bone marrow in comparison with combinations with Apc and Egr1 and is dependent on b-catenin.

(A) Genotype composition of 85% dominant barcoded clones within the bone marrow in the LSK fraction after the first and second transplants. (B) Representative example

of 85% dominant clonal proportions within granulocytes and LSK cells over time in mice 54 and 56. Lines represent the tracking of the 20 largest clones in LSK cells in the

first transplant throughout the other time points. (C) Comparison of genotype abundance, across the 4 mice, at weeks 4, 8, and 26 (granulocytes); week 26 (LSK); and

week 52 (LSK) after the second transplant. Only the larger clones summing up to 99% cumulative abundance are considered. The Page test for monotonically increasing

ranks was applied to time points week 8, 26, and 52 for each of the 4 genotypes, with only Csnk1a1 rejecting the null hypothesis of abundances being equal over time

(P 5 .00666). Data are represented as box plots; boxes include Q1 to Q3, with the median indicated. Tx, transplant.
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particularly affected by Csnk1a1 haploinsufficiency in the most prim-
itive HSCs, we decided to use poly(I:C) to induce a type 1 inter-
feron response and induction of TNF-a. The effect of poly(I:C) on
HSCs is well studied, and it has been shown that it drives HSCs
into cycling, ultimately exhausting them.32-34 In addition, it has been
shown that the neighboring genes of Csnk1a1 on the 5q arm have
the potential to induce inflammatory stimuli in the hematopoietic sys-
tem and the bone marrow niche.19-21,35

To test the HSC function of Csnk1a1 haploinsufficient HSCs in
direct competition with WT cells under exogenous, inflammatory
stress, transplant-recipient mice were repetitively treated with
poly(I:C), starting 4 weeks after transplantation (Figure 7A).
Csnk1a12/1 myeloid (CD11b1) cells expanded significantly in the
peripheral blood when treated with poly(I:C), compared with treat-
ment with phosphate-buffered saline and with stimulated and unsti-
mulated WT cells (Figure 7B). As expected, over the course of the
experiment, inflammatory stimulation compromised erythropoiesis
more than leukocyte and platelet production, as shown by decreas-
ing peripheral blood hemoglobin values in the poly(I:C) treated
groups (Figure 7C; supplemental Figure 7A). Csnk1a12/1/WT chi-
meras showed faster recovery of erythropoiesis after the last
(poly(I:C)) stimulus than Mx1Cre1/WT chimeric mice (Figure 7C). A
steady increase of Csnk1a12/1 cells was seen, also independent
of the inflammatory stimulation over time, suggesting that factors
independent of inflammatory stress contribute to the advantage of
Csnk1a1 haploinsufficient cells. In the bone marrow, Csnk1a1 hap-
loinsufficient cells under inflammatory stress expanded most signifi-
cantly compared with their WT counterparts, under both stimulated
and unstimulated conditions in the CD11b1 (myeloid) compartment
(Figure 7D). The chimerism of Csnk1a1 haploinsufficient cells was
higher in the stimulated group than in the nonstimulated group, indi-
cating that Csnk1a1 haploinsufficient cells have an intrinsic clonal
advantage that is exaggerated by inflammatory stress. Accordingly,
Csnk1a1 haploinsufficient LSK cells showed higher chimerism in
the control setting than their WT counterparts showed, which was
even further increased by inflammatory stimulation (Figure 7E). The
effect of inflammatory stimulation on Csnk1a1 expansion was most
pronounced in the MPP compartment, but less obvious with
LT-HSC (Figure 7E).

These findings prompted a closer look into changes in the frequen-
cies of the HSC compartment of the donor CD45.2 bone marrow
after chronic inflammatory exposure. Importantly, only WT LT-HSCs
(and CD342 HSCs) treated with poly(I:C) expanded, but not
Csnk1a1 haploinsufficient LT-HSCs in the inflammation-treated
groups (Figure 7F). This result is particularly interesting in light of
well-studied changes in inflammatory stress and aging that have
associated expansion of the CD342 HSC subset with a relative
decrease in repopulation capability.34,36 It also indicates that
Csnk1a1 haploinsufficient LT-HSCs react less to inflammatory
stress. This finding agrees with the numerical changes found in the
single-cell dataset (compare with Figure 6B; supplemental Figure
6C). Expression of the cell-cycle gene Ki67 was upregulated in
Csnk1a1 haploinsufficient LT-HSCs of treated and untreated mouse
cells (Figure 7G), in concordance with previous findings.1 Cell cycle
analysis showed a trend toward increased cell cycle activation in
Csnk1a1 haploinsufficient HSCs treated with poly(I:C). This activa-
tion, however, was not significant (supplemental Figure 7B).

In summary, exogenous inflammatory stress increased the competi-
tive advantage of Csnk1a1 haploinsufficient HSCs. It was accompa-
nied by increased chimerism in the myeloid output of the peripheral
blood, as well as bone marrow myeloid cells and in HSCs (LSKs)
and was most pronounced in the intermediate progenitors (MPP).
WT cells reacted to the inflammatory stimulus with an expansion of
(CD342) LT-HSCs, whereas Csnk1a1 haploinsufficient CD342

LT-HSCs did not change, suggesting a resistance to inflammation
induced remodeling of this compartment.

Discussion

We investigated the relative contribution to the HSC pool of hap-
loinsufficient genes commonly deleted in del(5q) MDS (Apc,
Csnk1a1, and Egr1). This was performed in direct competition in 1
mouse and in codeletion, using a genetic barcoding approach and
validated by a classic competitive transplantation assay. This
approach led to the following observations on the effect of genetic
haploinsufficiency on a clonal level: (1) Csnk1a1 haploinsufficiency
provides the greatest clonal advantage of all candidate genes
tested; (2) combined Csnk1a1/Egr1 haploinsufficiency does not
contribute to further clonal expansion; (3) Csnk1a11/2Apc1/2 and

Figure 6. Downregulation of inflammatory pathways in Csnk1a1 haploinsufficient HSCs. (A) Uniform Manifold Approximation and Projection (UMAP) visualization

of unsupervised clustering of recovered cells (n 5 76.963 cells; Csnk1a12/1 5 34578; WT 5 42385). Dashed lines mark populations of interest. (Marker genes per

cluster are listed in supplemental Table 3. Cluster identities were identified based on marker genes and transcriptomic similarity to highly sort-purified stem cell populations

on the Immunological Genome Project database.) (B) Relative cell proportions per experimental condition color coded by identity cluster, as identified by unsupervised

clustering (see supplemental Figure 5C for the fold change of cluster proportions per condition and significance testing) (C) Competitive gene set enrichment analysis

(GSEA) using the Camera R package comparing Csnk1a12/1 with WT. Filtered for gene sets significantly deregulated with false-discovery rate (FDR) , 0.05 depicted in

the heat map: significantly upregulated gene sets in Csnk1a12/1 HSCs (red) and downregulated gene sets (blue), with the intensity of the color corresponding to 2log(10)

of the P-value. (D) Density ridge plot of expression of S-phase–related genes per cluster and condition based on Tirosh et al. Means of S-phase gene expression were compared

by using Wilcoxon signed-rank test. (E) UMAP visualization of clustered cells featuring aggregated gene set expression of the hallmark gene set TNF-a signaling via NF-kB split

by condition (Camera GSEA: LT-HSC cluster P 5 1.46e-03, ST-HSC cluster P 5 6.60e-07). Volcano plot showing differentially expressed genes in cluster LT-HSC testing

Csnk1a12/1 vs WT with genes belonging to hallmark pathway TNF-a signaling via NF-kB highlighted in red and labeled with gene name (right). Positive log2FC, overexpressed

Csnk1a12/1; negative log2FC, downregulated in Csnk1a12/1. (Differentially expressed genes between conditions per cluster are listed in supplemental Table 4). (F) UMAP

visualization of clustered cells featuring aggregated gene set expression of hallmark gene set “interferon-A response” split by condition (Camera GSEA: LT-HSC cluster

P 5 1.32e-07, ST-HSC cluster P 5 5.46e-03). Volcano plot (right) shows differentially expressed genes in cluster “LT-HSC” with genes belonging to the hallmark pathway

“interferon-A response” highlighted in red and labeled with gene name. (Differentially expressed genes between conditions per cluster are listed in supplemental Table 4). (G)

Estimating the activity of transcription factors (TF) based on changes in abundance of their targets (input: full list of differentially expressed genes Csnk1a12/1 vs WT) as a proxy

of their activity using method DoRothEA in cluster LT-HSC. Only transcription factors with activity scores .2.5/#2.5 are shown here. Positive scores (red) signify increased

activity of transcription factors in the Csnk1a12/1 condition and negative scores (blue) with decreased TF activity.
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Figure 7. Competitive advantage of Csnk1a1 haploinsufficient HSCs is increased under exogenous inflammatory stress. (A) Experimental design. Competitive

transplantation of whole bone marrow from Mx1-Cre1 (WT) or Csnk1a1fl/1 Mx1-Cre1 (Csnk2/1) mixed 1:1 with CD45.11 ckit1 WT competitor cells (n 5 5 each). After

week 6, the WT and Csnk2/1 groups were split into 2 groups receiving blocks of either 5 mg/g body weight poly(IC) or equal volume of phosphate-buffered saline (PBS)

by intraperitoneal injection. (Injection blocks are marked in light gray: weeks 6-8, 11, and 13.) (B) Frequency of CD45.21 cells in the CD11b1 myeloid fraction of

peripheral blood. (Injection blocks are marked in light gray: weeks 6-8, 11, and 13.) (C) Hemoglobin values collected during transplant. (Injection blocks are marked in
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Csnk1a11/2Ctnnb11/2 HSCs are outcompeted and (4) inflamma-
tion increases the competitive advantage of Csnk1a1 haploinsuffi-
cient HSCs.

The genetic barcoding approach was implemented as a screening
approach to identify any clonal advantage amid competing, geneti-
cally distinct cells in 1 microenvironment. Conventional competitive
repopulation assays test only the growth of a genotype of interest
vs a competitor (WT) cell population but do not provide clonal reso-
lution. The competition of HSCs as tested here in the genetic bar-
coding approach does not occur in vivo but systematically
compares the effect of haploinsufficient gene expression on HSC
function. Genetic barcoding approaches have already been pub-
lished that study steady-state hematopoiesis, but not competitive
transplantation with single-cell resolution. We robustly recovered
barcoded clones and observed a reduction of clonal complexity
over time, which was in line with previously reported genetic barcod-
ing in transplantation models.25,37 Clones of all genotypes engrafted
successfully, albeit not in equal proportions in the 9 mice analyzed.
This was unexpected as the different genotypes engrafted as floxed
but not excised alleles, and we confirmed that the gene expression
was still comparable to that of WT cells (unexcised gene). Thus the
unequal distribution 4 weeks after transplantation may be related to
temporary engraftment of progenitor cells from the transplant, which
show stochastic fluctuation and exhaustion over time, or unrepre-
sentative recovery of barcodes in sampled blood at this early time
point. The dynamical systems model that we developed based on
experimental data suggests that differences in cell numbers at
engraftment play a less significant role in clonal evolution than inter-
individual differences in cell properties of different genotypes (eg,
response to environmental factors, intrinsic differences, differences
in proliferation and self-renewal).

The genetic barcoding approach corroborated by the classic com-
petitive transplantation revealed that Csnk1a1 and Egr1 haploinsuffi-
cient HSCs have the potential to clonally expand and to dominate
hematopoiesis. In particular Csnk1a1 haploinsufficient clones
showed an increased competitive advantage in consecutive
transplantations.

Single cell transcriptome analysis of Csnk1a1 haploinsufficient
HSCs compared with WT revealed the most significant changes in
the most primitive HSC compartment: LT-HSCs were expanded,
and most differentially expressed genes were found in HSCs and
megakaryocyte, erythroid and lymphoid progenitors. We summarize
these differentially expressed genes as either HSC intrinsic, affect-
ing proliferation and differentiation, or HSC extrinsic, which involve
inflammatory processes.

Genes related to crucial HSC-intrinsic self-renewal and differentia-
tion pathways such as cell cycle, oxidative phosphorylation, and
Myc downstream signaling were particularly upregulated in the most
primitive Csnk1a12/1 HSCs.30,38,39 Significant enrichment of
S-phase genes further supports this. Csnk1a1 is known to exhibit

cell cycle-dependent subcellular localization, including association
with cytosolic vesicles and the nucleus during interphase, and with
the mitotic spindle. b-Catenin is a substrate of Csnk1a1, and early-
response genes, including Myc and c-Jun (both upregulated in our
data) are targets of Wnt/b-catenin signaling. Although we do not
observe a signature deregulation of Wnt/b-catenin signaling,
reduced b-catenin levels were functionally shown to abolish the
clonal advantage of Csnk1a1 haploinsufficient cells. Interestingly,
b-catenin levels were highest in HSCs from Csnk1a12/1Apc2/1

mice (followed by Csnk1a12/1), whereas they were comparable
between WT and Csnk1a12/1Ctnnb12/1. This demonstrates that
the exact dosage of b-catenin is crucial in determining the clonal
advantage, with too high or too low levels being detrimental to HSC
function. These data indicate that Csnk1a1 functions as a negative
regulator in the early stages of the G1-S transition and thus contrib-
utes to slow but steady clonal expansion.

Csnk1a12/1 immature noncommitted progenitors showed a charac-
teristic downregulation of HSC-extrinsic mechanisms, such as
immune response and inflammatory stress response. We thus
hypothesized that Csnk1a12/1 HSCs are more robust to inflamma-
tory stress, providing a selection advantage over WT cells. We can
further demonstrate this, as Csnk1a12/1 HSCs, in direct competi-
tion with WT HSCs, gained a considerable advantage over WT
HSCs under systemic low-dose inflammatory stress over time.

These HSC-extrinsic effects are particularly interesting as MDS
co-occurs or is preceded by chronic inflammatory conditions
such as autoimmune disease35,40-43 or involves mutation of
inflammation-inducible genes such as SAMD9L.44-46 The germ-
line mutations in SAMD9/9L in monosomy 7 and MDS encode
gain-of-function proteins that appear to be overactivated in
response to inflammatory stress. This effect causes downregula-
tion of MAPK signaling and a corresponding proliferative arrest
that results in transient aplasia and selects for outgrowth of
mutant clones with loss of the mutant allele. Csnk1a1 haploin-
sufficiency may represent the other side of this coin, whereby
LT-HSCs fail to mount an appropriate inflammatory response
and continue to proliferate inappropriately. Inflammatory cyto-
kines and growth factors are elevated in patients with MDS
alongside the innate immune response through toll-like
receptor (TLR) signaling.6,19,35 In del(5q) MDS haploinsuffi-
ciently expressed genes (eg, RPS14, miR145, miR146, and
TIFAB6,19,21), are negative regulators of TLR signaling. Recent
studies show that TLR-TRAF6–primed HSCs switch to nonca-
nonical NF-kB signaling under chronic inflammatory conditions,
demonstrating a long-term competitive advantage in this con-
text.19,20 In addition, Stoddart et al have recently shown in a
murine model of del(5q) MDS with Apc and Egr1 haploinsuffi-
ciency and loss of Trp53 that alteration of the hematopoietic
niche using alkylating agents significantly contributes to devel-
opment of myeloid disease , highlighting the dependency of the
(mutated) hematopoietic clone on its niche.47

Figure 7 (continued) light gray: weeks 6-8, 11, and 13.) (D) Proportion of CD45.21 cells in the bone marrow CD11b1 fraction. (E) Frequency of CD45.21 cells in bone

marrow LSK (Lin2Sca11ckit1), MPP (CD481CD1502LSK), ST-HSC (CD482CD1502 LSK), and LT-HSC (CD482CD1501 LSK). Statistical significance tested by 1-way

ANOVA with Dunnett’s multiple-comparison test, comparing WT PBS to all other groups. Data are represented as the mean 6 standard error of the mean (SEM). (F) The

frequency of LT-HSC in either CD45.21 or CD45.11 compartment. Statistical significance for all panels was tested between poly(IC) and PBS conditions by a 1-tailed

t test. Data are represented as the mean 6 SEM. (G) Representative histograms of Ki67 expression in CD45.21 or CD45.22 LT-HSCs, ST-HSCs, and MPPs of the

experimental groups. Data represent mean 6 SEM. (B-F) *P , .05, by 1-tailed Student t test.
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The identified HSC-intrinsic and -extrinsic factors that contribute to
a clonal advantage of Csnk1a12/1 HSCs may even be mechanisti-
cally linked. b-catenin is linked to TNF-a by NF-kB signaling, and
can exert both negative and positive influences on the inflammatory
response.48,49 Based on functional experiments, we hypothesize
that on the HSC level in Csnk1a1 haploinsufficiency, b-catenin sig-
naling, or direct CSNK1A1 kinase effects are responsible for
increased self-renewal and decreased inflammatory response, pro-
tecting from aging and extrinsic insult. At the level of multipotent
progenitors, a mostly proproliferative effect may be assumed, lead-
ing to overall expansion of the genotype and outperformance of WT
cells.

Unexpectedly, the combination of Csnk1a1 and Egr1 haploinsuffi-
ciency did not provide a greater competitive advantage than either
alone. In particular for Egr1, the expansion advantage with increased
self-renewal seems more variable than in Csnk1a1, suggesting that
additional (extrinsic) cues are needed to spark the clonal advantage.
It is very well possible that deletion of other genes on chromosome
5q is additionally necessary to drive expansion of the del(5q) clones
by creating a favorable microenvironment.
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