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Abstract

Blood donation is a life-saving practice, but its long-term effects on donor health and
hematopoietic stem cells (HSCs) remain largely under-researched. We conducted a comprehensive
analysis of clonal hematopoiesis (CH) in frequent donors (FD; >100 donations) compared to
sporadic control donors (CD, <5 donations). Although the overall incidence of CH as well as

the clonal size were similar between the groups, we identified a distinct mutational pattern in

the DNMT3A gene, the most frequently affected in CH. Unlike HSCs carrying preleukemic
DNMT3A R882 mutations, HSCs harboring FD enriched DNMT3A variants exhibited balanced
lineage output in primary human samples but gained a competitive advantage when stimulated
with erythropoietin (EPO), a hormone which increases in response to blood loss. Our findings
highlight a nuanced ongoing Darwinian evolution at the somatic stem cell level, with EPO
emerging as a novel environmental factor that favors HSCs carrying specific DNMT3A mutations.

Main Text

Access to blood products is the backbone of modern medicine. The burden of blood
donation is shouldered by a small group of altruistic healthy volunteers with only ~4% of
eligible individuals donating (1). To protect the iron stores of donors from critical depletion,
whole blood donation is limited to 4 (women) or 6 (men) units per year (2), each unit
representing ~10-15% of a donor’s total blood volume (3). Different environmental stressors
such as infection, cytokines, chemotherapy or blood loss can trigger active proliferation of
HSCs (5-8) which in turn affects the acquisition and propagation of genetic lesions (9).

The expansion of HSC clones (and their progeny) carrying lesions is defined as clonal
hematopoiesis (CH) and its prevalence increases with age (10-12). Considering that all

red blood cells (RBCs) are replaced three times per year and each donated unit of blood
adds 2.5-5% excess erythropoiesis (14), we studied this specific and unconfounded type of
systemic stress, that manifests molecularly in form of increased levels of erythropoietin, on
the clonal composition of the hematopoietic system. As specific environmental cues can
favor the outgrowth of HSCs carrying certain mutations (15-18) (15-26) we hypothesized
that repeated large volume phlebotomy may shape the clonal landscape by promoting clones
with functionally distinct types of mutations.

Frequent blood donation shapes mutational landscape of DNMT3A

Distinct from most published CH studies (10-12, 27-31) our cohorts consisted exclusively
of closely monitored and exceptionally healthy individuals. We first acquired and analyzed
a cohort of 105 FD and 103 control donors (CD) individuals (main cohort). Subsequently, a
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validation cohort of 112 FD and 109 CD individuals was collected using the same criteria
as set for the main cohort (Fig. 1A and Supplementary Tables 1a and 1b). No significant
difference in the overall CH prevalence between the FD and CD cohorts was found. This
was true in both the main and validation cohorts and regardless of the VAF cutoff used,
either the sensitive cutoff of 0.5% or the conventional VAF cutoff of 2% (10-12) (Fig. 1B).
The VAFs of the detected variants did not significantly differ between the FD and CD (fig.
S1A). For all subsequent analyses, the 0.5% VAF was used and the main and validation
cohorts were combined. The majority of individuals with CH had a single identified
mutation: 64/94 (68.1%) and 46/70 (70.0%) in the CD and FD cohorts, respectively (fig.
S1B). Consistent with previous studies (10-12, 32, 33), mutations in DNMT3Aand TETZ2
were the most prevalent in both the FD and CD cohorts (Supplementary Tables 2a/b, 3a/b
and 4a/b and fig. S1C), and the VVAF distributions of mutations in these two genes did

not significantly differ between the cohorts (fig. S1D and Supplementary Tables 3a/3b,
4a/4b). Within the DNMT3A gene, mutations were distributed throughout the length of

the gene (Fig. 1C), consistent with previous reports(32). The frequency of acute myeloid
leukemia (AML) hotspot mutations at position 882 in DNMT3A was low and similar in both
cohorts (Supplementary Table 3a/b). Interestingly, within the FD cohort, we observed a trend
towards a higher fraction of destabilizing DNMT3A variants such as frameshift variants,
variants resulting in a premature stop, or structural variants (Fig. 1C). To confirm this, we
employed the recently introduced stability score (38) to characterize the DNMT73A variants.
A total of 20 and 13 DNMT3A variants were matched from the FD and CD, respectively. FD
DNMT3A variants had significantly lower stability scores compared to CD cohort variants
(Fig. 1D and Supplementary Table 3a/b). Decreased stability has been directly linked to

the regulated degradation of the DNMT3A protein, resulting in a quantitatively reduced
enzymatic activity as opposed to a functionally aberrant activity (38). This was further
supported by /n sifico structural predictions conducted for a selected set of destabilizing
nonsense DNMT3A variants from the FD cohort. Three FD DNMT3A nonsense variants,
W305*, S663fs and E733* were chosen for structural modeling (fig. S1F) in comparison to
full length DNMT3A based on their type of mutation and their high VAF (> 5 %). All three
mutations were predicted to be degraded due to nonsense-mediated mRNA decay (NMD)
(39). Compared to previously described missense mutations capable of interacting with
wild-type DNMT3A protein and causing aberrant methylation, including the AML hotspot
variant R882H, the three FD variants W305*, S663fs (704*), F733* are predicted solely

to cause quantitative reduction in DNA methylation levels (40, 41). Thus, both stability
scores and small scale /n sifico structural predictions suggest an enrichment of DNMT3A
variants with diminished enzyme activity in FD compared to CD. Interestingly, the fitness
score (s-value) (32) was only 10.5% per year for FD DNMT3A variants compared to 13.5%
per year for CD DNMT3A variants (p<0.001, Fig. 1E), suggesting that the DNMT3A
variants observed in the FD cohort are less likely to expand during normal aging. Also, the
site-specific mutation rate showed a tendency to be lower in the FD cohort (fig. S1E). This
suggests that mutations expanding with bleeding associated erythropoietic stress display
only moderate fitness in the general population and in the absence of additional stimuli. In
line with this, the VAFs of most DNMT3A mutations remained stable within short periods
of time between two consecutive donations (fig. S1G). For selected donors and DNMT3A
variants, digital droplet PCR (ddPCR) was performed (fig. S2A) on several mature cell
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fractions (B-, T- cells and monocytes) along with the immature CD34* compartment.
Consistent with previous studies (42—44), all five mutations were detected in all four
sorted populations, including T cells, pointing towards their acquisition and selection in
multipotent HSCs (fig. S2B).

DNMT3A mutations from frequent donors expand in EPO rich environments but not with
inflammatory stimuli

Immediately following whole blood donation which removes 10-12% of the total
hemoglobin mass (45), one of the initial responses of the body is to increase the production
of erythropoietin (EPO) to stimulate bone marrow erythropoiesis (46). Accordingly, up to
two-fold increased concentrations of EPO are detected in the serum of blood donors for

up to 56 days following blood donation (46). We next sought to functionally investigate

a potential link between the variants found in frequent donors and EPO. The same three
DNMT3A mutations we had previously subjected to structural analysis (fig. S1F) were

also reconstructed and functionally analyzed /n vitro. Using CRISPF/Cas9, monoallelic
W305%*, S663fs (704*) and E733* mutations were introduced into primary human HSCs
(fig. S3A). DNMT3A-edited HSCs were cultured using long-term culture (LTC) assays in
the presence or absence of EPO or inflammatory stimuli (IFN-y or LPS) and the VAFs

of the introduced DNVMT3A mutations were assessed after four weeks (Fig. 2A). Of note,
we observed that all assessed FD DNMT3A mutations expanded in an EPO rich culture
(Fig. 2B) which promoted robust erythroid differentiation characterized by an expansion

of CD235a*CD71* cells (fig. S3B-C) as expected. The 2-fold expansion of FD DNMT3A
variants with EPO was observed using two different doses of EPO, but IFNy or LPS failed
to expand FD DNMT3A variants (fig. S3D-E). Two known preleukemic DNMT3A variants,
R882C and R882H, were also engineered and similarly analyzed. In sharp contrast with FD
DNMT3A variants, both R882 clones were highly responsive to IFNvy but unresponsive

to EPO (Fig. 2C). Similar observations were made with human bone marrow derived
CD34+ cells (fig. S3F). This distinct mutation specific pattern of responsiveness to different
environmental cues was also observed when HSPCs harboring FD variants or preleukemic
variants were co-cultured together pointing towards cell intrinsic effects (fig. S3G). Thus,
different DNMT3A variants can introduce a characteristic selective advantage under distinct
environmental conditions. Conversely, their presence is suggestive of the environmental
signals to which the cells were previously exposed to. Clones with preleukemic mutations
tend to be selected in inflammatory environments, while the DNMT3A clones enriched

in frequent blood donors are selected in EPO-rich environments and fail to respond to
inflammatory cues.

Frequent blood donor W305* mutation causes a shift in DNMT3A transcript abundance and
mediates transcriptional programs associated with heme metabolism

We next sought to understand the molecular mechanisms that could explain the selective
outgrowth of FD variants within EPO-rich environments. The W305* variant from the FD
cohort was chosen along with preleukemic DNMT3A mutations to perform single cell
deposition of human erythroleukemic cell line K562 into which these mutations had been
previously introduced by CRISPR-Cas9 editing. After colony screening, we selected the
monoclonal colonies harboring specific mutations and performed RNA sequencing (Fig.
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3A). Pathway enrichment analysis revealed that in W305* mutated clones transcriptional
programs associated with heme metabolism were selectively up-regulated (fig. S4A and
Supplementary Table 10). Interestingly, when analyzing the differentially expressed genes
associated with the W305* mutation, we observed that DNMT3A itself was downregulated
(fig. S3B and Supplementary Table 11). Considering this observation and based on the
different location and predicted changes in the reading frame caused by FD mutations
compared to preleukemic R882 mutations (Fig. 1C), we analyzed the abundance of
alternative spliced DNMT3A transcript isoforms (Fig. 3B). Indeed, W305* mutant K562
cells expressed the protein-encoding transcript 2 at lower levels, while transcripts annotated
to undergo nonsense mediated RNA decay (NMD) were highly expressed compared to

the WT or R882 DNMT3A (Fig. 3C), which is consistent with the /n sifico structural
predictions described above. DNMT3A transcript 2 was previously reported to be associated
with active proliferation and malignancy and we observed that, opposite to the reduced
expression associated with W305* variant, R882 variants express higher levels of this
DNMT3A transcript (Fig. 3C and fig. S4C). To our knowledge, this is the first time

distinct effects of different DNMT3A mutations on the abundance of different DNMT3A
transcripts are reported. Our current model explained the EPO-responsiveness of the FD
mutants by canonic, yet quantitatively attenuated DNMT3A activity. If this was true, then
knock-down of WT DNMT3A should similarly convey EPO-responsiveness, which was
therefore tested in the cord blood derived hematopoietic progenitor cell line HUDEP-2.

We employed lentivirus based CRISPRI targeting of the DNMT3A promoter (fig. S5A).
This line has the ability to undergo erythroid differentiation (47, 48). Transcriptomes of
CRISPRIi-DNMT3A targeted HUDEP-2 cells were distinct from controls in which a non-
targeting guide RNA was used (Fig. 3D and fig. S5B). More specifically, and consistent
with the downstream effects of the W305* mutation in K562 cells, the heme metabolism
gene set was enriched upon downregulation of DNMT73A in HUDEP-2 cells, while immune
response associated genes were depleted (Fig. 3E, fig. S5C and Supplementary Table 12
and 13). Moreover, three hemoglobin genes along with the erythropoietin receptor gene
were up-regulated in the DNMT3A targeted HUDEP-2 cells (Fig. 3F). Ingenuity pathway
analysis identified EPO signaling as the pathway showing the strongest upregulation

upon silencing of DNMT3A (fig. S5D). This erythroid priming as a result of DNMT3A
downregulation was functionally confirmed in a competitive culture setting. Of note,

under erythroid differentiation conditions, DNMT3A downregulated HUDEP-2 cells showed
superior growth dynamics (Fig. 3G and fig. S5E), which overall consolidates the notion that
FD DNMT3A variants expand in EPO-rich environments.

Myeloid expansion is associated with R882 mutations but not with EPO responsive
DNMT3A variants

To study the impact of different DANMT3A mutations in CD34 enriched blood cells of
healthy donors, we analyzed these by concurrent assessment of their genotype and the
surface marker expression at single cell resolution using the Tapestri platform (49, 50) (fig.
S6A). We took advantage of our access to primary samples from blood donors known to
carry different DNMT3A mutations (Supplementary Tables 3a/b and 4a/b). Two additional
samples from hematologically clinically normal individuals, positive for DNMT73A R882H
CH were included. The full list of samples and corresponding characteristics is shown
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in Supplementary Table 14. All samples were enriched for CD34* cells prior to surface
staining with a 50-antibody panel (Supplementary Table 15b) followed by droplet-based
analysis of specific DNMT3A mutations in single cells. Projection of the determined cell
surface protein expression pattern onto published single-cell proteo-genomic reference maps
(51) revealed 15 different cell clusters (Fig. 4A). In the samples from the two frequent
donors harboring the variants W305* and E773*, the relative contribution of mutant and
WT cells to each of the 15 cell clusters was indistinguishable (Fig. 4B and fig. S6B). In
sharp contrast, in all three R882 (2x R882H, 1x R882C) CH samples, a reduction of mature
lymphoid cell types (B and T cells) along with an increase in the monocytic fraction was
apparent within the mutated compartment compared to the WT cells in the same sample
(Fig. 4C, fig. S6C-E and fig. STA). The DNMT3A R366H variant, identified in one of the
FD donors and found to be EPO non-responsive, exhibited a similar lineage bias to the R882
variants (fig. S7B). The myeloid bias was furthermore apparent in the granulocyte-monocyte
progenitor (GMP) fraction. Here an up to 6-fold higher percentage of cells with a R882H/C
or R366H mutation were assigned to the GMP cluster compared to the corresponding WT
cells. The numbers of immature hematopoietic stem and progenitor cells in primary samples
were generally low, as expected for non-mobilized PB samples, which was particularly the
case for R882 donors. To better characterize the effects of the different DNMT3A mutations
within the stem and progenitor fraction, we next developed a xenograft model. A humanized
mouse model engrafted with human HSCs carrying DNMT3A W305* or R882H mutations
provided additional resolution into the erythroid lineage as well as all the immature
populations within the hematopoietic system. To model the environmental pressure of the
FD cohort, mice were subjected to a stringent erythropoiesis-inducing regimen of serial
bleeding combined with intravascular hemolysis and human EPO injections (Fig. 4D).

We then sorted and determined the frequency of each mutation in different stem and
progenitor compartments as well as mature lineages (fig. S7C). Consistent with the single
cell data from primary patient samples shown above, we observed no significant bias in

the presence of the W305* mutation between myeloid (CMP, G, M) and lymphoid (CLP,

B) lineages. However, as we gained more resolution, we observed that W305* frequency
was underrepresented in myeloid and lymphoid lineages compared to W305* frequency in
HSCs as well as within the erythroid lineage (MEP, ERC, RBC) (Fig. 4E). By contrast,
R882H mutant DNMT3A cells showed a preferential expansion into the myeloid lineage
(CMP, M, G), consistent with previous reports and the lineage bias detected in R882 mutant
CH blood samples (Fig. 4F), despite the erythroid stress incurred. Collectively, these data
illustrate that the EPO responsive DNMT73A W305* variant facilitates stable and balanced
blood development during homeostasis, yet it promotes preferential erythroid reconstitution
under stress induced by serial blood loss and EPO treatment. This clonal behavior sharply
contrasts with the known preleukemic R882 DNMT3A mutation, which drives a pronounced
myeloid bias both during homeostasis and under erythroid stress.

Our analysis of DNMT3A variants at the single cell level in patient samples and
reconstitution in humanized mice exposes the distinct impact on lineage contribution

from HSC carrying FD DNMT3A variants compared to malignant R882 mutation and
supports the notion that different stressors have divergent effects on HSCs harboring specific
DNMT3A mutations. While R882 mutant HSCs display a marked myeloid bias, HSCs with
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FD DNMT3A variants show increased differentiation towards the erythropoietic lineage.
Along these lines, single cell transcriptome and methylome analysis from DNMT3A-KO
(resembling the effect of FD DNMT3A variants) mice, point towards the expansion and
transcriptional bias to an erythro-megakaryocytic fate (42, 52, 53), which is consistent with
our /n vitro data showing FD variants mimicking DNMT73A downregulation and competitive
outgrowth advantage in EPO rich environments. The increased frequency of EPO-responsive
DNMT3A variants in frequent donors suggests causality. While the acquisition of a given
variant is stochastic, microenvironment-driven evolution in the context of extensive blood
donation, a previously undescribed selection pressure, appears to favor this novel class of
DNMT3A mutations. This phenomenon is an example of the nuanced ongoing Darwinian
evolution at the level of a somatic stem cell in healthy individuals. Moreover, in addition

to mechanistically defining EPO-responsive DNMT3A mutations, our study introduces an
important and uniform reference CH dataset from a novel population of exclusively healthy
individuals distinguished by regular exposure to a highly specific systemic stress.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Frequent blood donors show expected CH incidence but distinct DNMT3A mutation
profile.

(A) Characteristics of the frequent donor (FD) and control donors (CD) collected and
analyzed as the main and validation cohort. (B) Percentage of donors with somatic mutations
(Hits within the FD and CD cohorts. The cutoff for the VAF (clone size) was set to 0.005
(0.5%). Analysis with a 0.02 (2%) cutoff is shown for comparison. Percentage values are
indicated on the bars. Data from the main and validation cohort are plotted separately.

For VAF cutoff 0.005, main cohort: adjusted OR/CI: 1.81/0.95-3.49, p=0.074. For VAF
cutoff 0.005, validation cohort: adjusted OR/CI: 0.81/0.44-1.48, p=0.49. For VAF cutoff
0.02, main cohort: adjusted OR/CI: 1.33/0.58-3.09, p=0.501. For VAF cutoff 0.02, validation
cohort: adjusted OR/CI: 0.72/0.29-1.75, p=0.47. Data from the main and validation cohort
are plotted separately. (C) LollipopPlot charts with type and location of the mutations in
DNMT3A shown (detected at a VAF = 0.005, extended FD and main CD). The events are
color-coded based on their effects on the protein (see legend). See Supplementary Tables
2a/b and 3a/b for full lists of events. The locations of the PWWP (proline-tryptophan—
tryptophan—proline motif), the ADD (ATRX, DNMT3, and DNMT3L)-type zinc finger,
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and the methyltransferase (M Tase) domains are shown. All but three exonic splice region
DNMT3A mutations (¢.2320 G>A, ¢.2477 A>G in the CD and ¢.2477 A>G in the FD)

are not depicted in the lollipopPlot. Mutations from the (extended) main and validation
cohort are plotted together. Fisher test for independence between donor group and mutation
class: p=0.404. (D) Analysis of stability scores for DNMT3A mutations from the FD

and CD cohorts that were matched to the variants characterized by Huang et al.*2 (See
Supplementary Table 3a/b), p<0.001. Data from the main and validation cohorts were
combined. (E) Analysis of the fitness (f) (p<0.001) for DNMT3A mutations from the
frequent and control donor cohort that were matched to the variants characterized by Watson
et al.33 (See Supplementary Table 5). Data from the main and validation cohorts are plotted
together.
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Fig. 2. DNMT3A-clones associated with blood donation expand in EPO-induced stress while
preleukemic R882-mutant clones expand in | FNy-induced stress.

(A) Schematic representation of genetic engineering of human HSCs to introduce mutations
found in frequent blood donors and perform long term-culture (LTC) in the presence of
different stimuli over 4 weeks. VAF between conditions was compared at the end of the
co-culture at 4 weeks. (B) For each DNMT3A mutant clone from FD, a significant increase
of the VAF was observed when comparing non-treated (CTRL) and EPO conditions after

4 weeks in culture. Each dot represents an independent biological donor. Paired t-test for
each biological donor between different conditions was used for statistical significance.

*, p <0.05; ** p<0.01; *** p <0.001. (C) Fold change expansion upon different
conditions of each mutation in all cord blood donors tested (n = 4-13). For clone S663fs and
clone W305* 13 biological donors were tested over 4 independent experiments. For clones
R882H and R882C 4-7 biological donors were tested in 2 independent experiments. Each
dot represents an independent biological donor. T-test for each biological donor between
different conditions was used for statistical significance of the percentage of the DNMT3A-
mutant clones. *, p < 0.05; **, p < 0.01; *** p < 0.001.
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Fig. 3. Downregulation of DNMT3A associated with W305* FD mutation underlies outgrowth
advantage in EPO-rich environments.

(A) Schematic representation of single cell deposition of K562 after introduction of the
mutations by CRISPR, expansion in vitro and colony screening to select the monoclonal
colonies harboring specific mutations to perform RNA sequencing. (B) Previously identified
DNMT3A transcripts and the corresponding ENSEMBL annotation. (C) Heatmap of
DNMT3A transcripts annotated in ENSEMBL and detected in the bulk RNASeq. W305*
mutant K562 compared to the other genotypes show lower levels of transcripts correlating
with previously reported protein-coding transcripts and increased levels of transcripts
annotated to undergo nonsense mediated MRNA decay (NMD). (D) Principal Component
Analysis (PCA) based clustering of transcription profiles of DNMT3A downregulated

vs. control HUDEP-2 cells. n=9. (E) Gene set enrichment analysis (GSEA) of heme
metabolism signature in DNMT3A downregulated vs. control HUDEP-2 cells. ES,
enrichment score; NES, normalized enrichment score; FDR, false discovery rate. (F)
Normalized expression counts (DESeq?2) for indicated genes in DNMT3A downregulated
(red) vs. control HUDEP-2 (blue) cells. n=9. Padj HBA1, HBA2, HBB and EPOR: 1.39e°15,
1.46e°20,1.91e19 and 2.62e°06, respectively. (G) DNMT3A downregulated (BFP+) and
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HUDEP-2 control (GFP+) cells were co-cultured at the given ratio in regular and erythroid
differentiation media. The ratio between BFP and GFP positive cells was analyzed over a
period of 8 days and is presented relative to the input. n=3, three independent experiments,
measurement in duplicates. P-values Differentiation vs. Regular Media for timepoints Day 1,
3, 5and 8 were: 0.33, 0.19, 0.03 (*) and 0.01 (*) respectively.
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Fig. 4. In vivo study of lineage distribution of DNMT3A variants.
(A) UMAP clustering of CD34 enriched samples based on their immunophenotype as

defined by expression of 50 unique hematopoietic surface antigens with cell type labels
transferred from Triana et al., 2021(51). (B-C) Intradonor/Intrapatient, genotype specific
cellular composition of indicated donor samples. 15 cell clusters were defined according
to the UMAP in a as shown in the color-matched legend. Fisher exact test was used

for analysis of statistical significance in the contribution of a mutant vs. non-mutant
genotype to a given cell population *, p < 0.05; **, p < 0.01; *** p < 0.001. (D)
Schematic representation of the humanized mice model used to evaluate W305* and R882H
behavior within the hematopoietic system after producing sustained erythropoietic stress
via successive bleeding/ EPO injection and phenylhydrazine treatment. (E-F) Frequency
of W305* (E) or R882H (F) mutations represented as fold expansion from HSPC and
mature cell subsets. Each dot represents an individual humanized mouse. t-test was used
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for statistical significance. *, p < 0.05; **, p < 0.01; *** p < 0.001. Overlaid heatmap
representing the fold expansion of each mutation within the different cell populations of
the hematopoietic system is provided to visualize the differential lineage bias of the two
DNMT3A mutations.

Blood. Author manuscript; available in PMC 2025 April 03.



	Abstract
	Main Text
	Frequent blood donation shapes mutational landscape of DNMT3A
	DNMT3A mutations from frequent donors expand in EPO rich environments but not with inflammatory stimuli
	Frequent blood donor W305* mutation causes a shift in DNMT3A transcript abundance and mediates transcriptional programs associated with heme metabolism
	Myeloid expansion is associated with R882 mutations but not with EPO responsive DNMT3A variants

	References
	Fig. 1
	Fig. 2
	Fig. 3
	Fig. 4

