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Metformin reduces the competitive 
advantage of Dnmt3aR878H HSPCs
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Clonal haematopoiesis arises when a haematopoietic stem cell (HSC) acquires a 
mutation that confers a competitive advantage over wild-type HSCs, resulting  
in its clonal expansion. Individuals with clonal haematopoiesis are at increased  
risk of developing haematologic neoplasms and other age-related inflammatory 
illnesses1–4. Suppressing the expansion of mutant HSCs may prevent these 
outcomes; however, such interventions have not yet been identified. The most 
common clonal haematopoiesis driver mutations are in the DNMT3A gene, with 
arginine 882 (R882) being a mutation hotspot1–3,5–7. Here we show that mouse 
haematopoietic stem and progenitor cells (HSPCs) carrying the Dnmt3aR878H/+ 
mutation, equivalent to human DNMT3AR882H/+, have increased mitochondrial 
respiration compared with wild-type cells and are dependent on this metabolic 
reprogramming for their competitive advantage. Treatment with metformin,  
an anti-diabetic drug that inhibits mitochondrial respiration8, reduced the 
competitive advantage of Dnmt3aR878H/+ HSCs. Through a multi-omics approach,  
we found that metformin acts by enhancing methylation potential in Dnmt3aR878H/+ 
HSPCs and reversing the aberrant DNA CpG methylation and histone H3 K27 
trimethylation profiles in these cells. Metformin also reduced the competitive 
advantage of human DNMT3AR882H HSPCs generated by prime editing. Our  
findings provide preclinical rationale for investigating metformin as a preventive 
intervention against DNMT3A R882 mutation-driven clonal haematopoiesis  
in humans.

Mutations in DNMT3A are the most common genetic alterations in 
clonal haematopoiesis and are found in between 50% and 60% of 
clonal haematopoiesis carriers1–3,5,6. DNMT3A encodes a de novo 
DNA methyltransferase that catalyses transfer of the methyl group 
from S-adenosylmethionine (SAM) to the C5 position of cytosines 
in DNA, resulting in 5-methylcytosine (5mC) and production of 
S-adenosylhomocysteine (SAH). DNMT3A mutations are classified into 
those that affect the mutational hotspot at R882 of the DNMT3A protein 
and those that affect other parts of the gene (non-R882 mutations)7,9. 
Although both types of mutations are predicted to reduce methyltrans-
ferase activity, DNMT3A R882 mutations appear to confer a significantly 
higher risk of progression to acute myeloid leukaemia (AML) compared 
with non-R882 DNMT3A mutations10,11. Thus, DNMT3A R882 mutations 
represent an important target for preventive intervention.

The mutations that affect R882 are almost invariably missense altera-
tions and heterozygous12,13. DNMT3A R882 mutations have been shown 
to both reduce the methyltransferase activity of the mutant protein and 
decrease the activity of the wild-type protein in a dominant-negative 
manner13,14. Consistent with these findings, the differentially meth-
ylated regions (DMRs) in human AML cells or peripheral blood cells 
with DNMT3A R882 mutations are predominantly hypomethylated 
compared with their wild-type counterparts13,15.

The effect of DNMT3A mutations on cell fate decisions of HSCs has 
previously been studied using genetically modified mouse models. In 
the Dnmt3aR878H/+ mouse model, the mutant HSCs are expanded and 
have a competitive advantage over wild-type HSCs16, thus recapitulating 
a key functional change associated with the mutation in humans. Here 
we used this model to identify differences in dependencies between 
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Dnmt3aR878H/+ and wild-type HSPCs with the goal of targeting such 
dependencies to selectively suppress the expansion of mutant HSCs.

Increased OXPHOS in Dnmt3aR878H/+ HSPCs
Analysis of publicly available RNA-sequencing (RNA-seq) datasets 
from primary AML samples revealed an increase in the expression of 
genes involved in oxidative phosphorylation (OXPHOS) in DNMT3A 
R882-mutated patient samples, but not in non-R882 DNMT3A-mutated 
samples, compared with DNMT3A wild-type samples (Extended Data 
Fig. 1a). To validate this finding in the context of clonal haematopoie-
sis, we analysed a previously published single-cell RNA-sequencing 
(scRNA-seq) dataset of CD34+-enriched HSPCs from individuals with 
clonal haematopoiesis17. Pseudobulk differential expression analy-
sis also showed an increase in OXPHOS gene expression in DNMT3A 
R882-mutated cells relative to wild-type cells (Extended Data Fig. 1b).

These findings led us to explore the potential for differences in 
mitochondrial function between Dnmt3aR878H/+ and Dnmt3a+/+ mouse 
HSPCs. We found that Dnmt3aR878H/+ lineage-negative, KIT-positive 
(LK) cells, which are enriched for HSPCs, possessed higher levels of 
basal and maximal oxygen consumption rates (OCRs) than Dnmt3a+/+ 
LK cells, as determined by extracellular flux analysis (Fig. 1a). These 
differences were also observed in unfractionated whole bone marrow 
(WBM) cells, albeit by a smaller magnitude (Extended Data Fig. 1c). 
Furthermore, the level of mitochondrial reactive oxygen species (ROS) 
and the ratio of mitochondrial transmembrane potential (ΔΨm) to mito-
chondrial mass were higher in mutant LK cells than in wild-type LK 
cells (Fig. 1b,c). Together, these findings indicate that the Dnmt3aR878H 
mutation causes metabolic reprogramming in HSPCs, resulting in 
upregulation of OXPHOS.

Dependency on mitochondrial respiration
We postulated that the increased mitochondrial respiration in 
Dnmt3aR878H HSPCs is required for their competitive advantage over 
wild-type cells. To test this, we first established an in vitro competi-
tion assay in which CD45.2+ Dnmt3aR878H/+ and CD45.1+ Dnmt3a+/+ 
LK cells were mixed at a ratio of approximately 2:3 and cultured in 
cytokine-supplemented methylcellulose medium for around 10 days, 
followed by determination of the proportions of CD45.2+ and CD45.1+ 
cells (Extended Data Fig. 1d and Supplementary Fig. 1a). A parallel com-
petition assay between CD45.2+ Dnmt3a+/+ and CD45.1+ Dnmt3a+/+ LK 
cells mixed at the same starting ratio served as a control. After the 
culture period, the proportion of CD45.2+ Dnmt3aR878H/+ cells was con-
sistently 20% to 30% higher than that of CD45.2+ Dnmt3a+/+ cells in the 
first passage and 40% to 50% higher in the second passage (Extended 
Data Fig. 1e), demonstrating the competitive advantage of the mutant 
cells. Using this assay, we studied the effect of genetic knockdown of 
mitochondrial electron transport chain (ETC) subunits on the com-
petitive advantage of Dnmt3aR878H/+ HSPCs by transducing the mixed 
CD45.2+ mutant–CD45.1+ wild-type population with lentiviral vectors 
expressing short hairpin RNAs (shRNAs) targeting Ndufv1 and Cox15 
(Extended Data Fig. 2a), which encode critical subunits in complex 
I and complex IV of the ETC, respectively. Downregulation of these 
genes reduced the basal OCR and competitive advantage of CD45.2+ 
Dnmt3aR878H/+ cells (Fig. 1d,e), indicating that mutant HSPCs are depend-
ent on increased OXPHOS to outcompete their wild-type counterparts.

To explore the translational relevance of this finding, we tested the 
effect of metformin—a commonly used oral anti-diabetic drug and 
pharmacologic inhibitor of complex I8—on Dnmt3aR878H/+ LK HSPCs. 
Consistent with the genetic knockdown studies, treatment with met-
formin at a clinically relevant concentration18 (50 μM) suppressed the 
competitive advantage of mutant cells in vitro (Fig. 1f). This effect was 
rescued by expression of NDI1, a metformin-resistant yeast analogue 
of complex I19,20, thus confirming that the effect of metformin was due 

to on-target complex I inhibition (Fig. 1g). Metformin treatment also 
selectively reduced the clonogenic potential of Dnmt3aR878H/+ LK HSPCs 
over Dnmt3a+/+ LK HSPCs in standard colony-forming unit (CFU) assays 
(Extended Data Fig. 2b).

To determine whether the effect of metformin was relevant in vivo 
and over a longer treatment period, we conducted a competitive repop-
ulation experiment by mixing CD45.2+ Dnmt3aR878H/+ or Dnmt3a+/+ WBM 
cells with CD45.1+ Dnmt3a+/+ WBM cells at a 2:3 ratio and transplant-
ing the mixed cells into lethally irradiated recipients (Extended Data 
Fig. 2c). Five weeks after transplantation, the recipient mice were either 
left untreated or started on treatment with metformin in their drinking 
water at 5 mg ml−1, a concentration that has previously been shown to 
result in blood concentrations similar to those achievable in humans21. 
Peripheral blood chimerism analysis showed a stable ratio of CD45.2+ 
to CD45.1+ cells in mice that received CD45.2+ Dnmt3a+/+ control cells, 
and the ratio was not affected by metformin treatment (Fig. 1h and Sup-
plementary Fig. 1b). By contrast, the ratio of CD45.2+ to CD45.1+ cells 
steadily increased over a 7-month period in mice that received CD45.2+ 
Dnmt3aR878H/+ cells, reflecting their competitive advantage over CD45.1+ 
wild-type cells (Fig. 1h). Notably, metformin decreased this competitive 
advantage up to 7 months (Fig. 1h). This effect was observed in both 
the myeloid and lymphoid compartments (Extended Data Fig. 2d and 
Supplementary Fig. 1b). Our findings collectively indicate that inhibi-
tion of mitochondrial respiration is a potential strategy for targeting 
DNMT3A R882 mutation-driven clonal haematopoiesis.

Metformin suppresses Dnmt3aR878H/+ HSCs
Metformin suppressed the long-term competitive advantage of 
Dnmt3aR878H/+ donor cells in vivo (Fig. 1h), reflective of an effect at the 
HSC level. To provide independent evidence for an effect at the HSC 
level and gain insights into the mechanism of action of metformin,  
we performed scRNA-seq analysis on LK-enriched bone marrow cells 
from the untreated and metformin-treated recipients at the end of the 
7-month treatment period (Fig. 1h). The cells were collected from the 
mice transplanted with CD45.2+ Dnmt3aR878H/+ and CD45.1+ Dnmt3a+/+ 
competitor cells and stained with antibody–oligonucleotide conjugates 
specific for CD45.2 or CD45.1 to identify their donor origin. A total of 
22,407 cells from untreated control mice (n = 2) were sequenced, 84.6% of 
which were CD45.2+ Dnmt3aR878H/+ cells (Fig. 2a). For comparison, a total 
of 23,818 cells from metformin-treated mice (n = 2) were sequenced, and 
the proportion of CD45.2+ Dnmt3aR878H/+ cells was significantly less at 
56.5% (P < 0.0001 by chi-square test) (Fig. 2a). To determine which HSPC 
subsets were affected, we annotated each cell on the basis of their corre-
lation with reference mouse HSPC gene sets22 and identified 11 different 
haematopoietic subsets (Fig. 2a). Metformin treatment reduced the ratio 
of CD45.2+ to CD45.1+ cells in the HSC cluster as well as myeloid progeni-
tor subsets (Fig. 2b,c), consistent with its effect at the HSC level. Flow 
cytometric analysis of bone marrow samples collected from mice after 
4 months of treatment also showed a reduction in the ratio of CD45.2+ 
to CD45.1+ cells in immunophenotypically defined (Lin−KIT+SCA-1+ 
CD150+CD48−) HSCs and progenitor subsets (Extended Data Fig. 3a,b).

To corroborate these findings, we transplanted Dnmt3aR878H/+ 
or Dnmt3a+/+ donor WBM cells from sex-matched littermates in a 
non-competitive manner into lethally irradiated recipients. Five 
weeks after transplantation, the recipients were either left untreated 
or started on treatment with metformin for 1 month (Extended Data 
Fig. 3c). In untreated mice, the number of immunophenotypic HSCs 
per femur and the proportion of HSCs in the Lin–SCA-1+KIT+ (LSK) frac-
tion were higher in Dnmt3aR878H/+ recipients compared with Dnmt3a+/+ 
recipients (Fig. 2d,e). The expansion of mutant HSCs was associated 
with a trend towards a higher proportion of HSCs in active cycling 
based on Ki-67 staining (Fig. 2f). Metformin treatment reduced all these 
parameters in Dnmt3aR878H/+ recipients to levels comparable to those in 
untreated Dnmt3a+/+ recipients (Fig. 2d–f). Our findings demonstrate 
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Fig. 1 | Dnmt3aR878H/+ HSPCs are dependent on increased mitochondrial 
respiration. a, Basal (left) and maximal (middle) OCRs in LK HSPCs. Right, 
OCRs of LK cells at baseline and after treatment with the indicated drugs. n = 4 
biologically independent samples for Dnmt3aR878H/+ and n = 6 for Dnmt3a+/+. 
Oligo A, oligomycin; R&A, antimycin A + rotenone b, MitoSOX fluorescence  
in LK HSPCs. n = 4 biologically independent samples each. c, Ratio of 
tetramethylrhodamine ethyl ester (TMRE) to MitoTracker Green (MTG) 
fluorescence in LK HSPCs. n = 4 biologically independent samples each. d, Basal 
OCR in LK HSPCs expressing shNT, or shRNA targeting Ndufv1 (shNdufv1) or 
Cox15 (shCox15). n = 3 biologically independent samples for each condition.  
e, Proportion of CD45.2+ and CD45.1+ cells transduced with the indicated 
shRNA vectors in a competition assay. n = 3 biologically independent samples 
each. f, Proportion of CD45.2+ and CD45.1+ cells in a competition assay with or 
without metformin (Met). n = 3 biologically independent samples each.  

g, Proportion of CD45.2+ and CD45.1+ cells in a competition assay with or without 
metformin. The CD45.2+ LK cells were transduced with an empty or NDI1- 
expressing lentiviral vector. n = 3 biologically independent samples each.  
h, Ratio of CD45.2+ to CD45.1+ in peripheral blood cells collected at the 
indicated time points after starting treatment with metformin or vehicle (Veh). 
For months 0–4, data are from 3 independent experiments and 21–24 mice  
per condition. For months 5–7, data are from one of the 3 experiments and  
6–8 mice per condition. Exact n values are provided in the Source Data. 
Statistical significance was determined in comparison to the R878H/ + Veh 
group. In box plots in a–d, the box represents the interquartile range with the 
median indicated by the line inside the box; whiskers extend to the minimum 
and maximum values. In a, right, e–h, data are mean ± s.e.m. Statistical 
significance was calculated using two-sided (a–c,e–h) or one-sided (d) 
Student’s t-tests. *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001.
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Fig. 2 | Metformin suppresses the competitive advantage of Dnmt3aR878H/+ 
HSCs. a, Top, dimensionality reduction using uniform manifold approximation 
and projection (UMAP) on all sequenced cells (n = 46,225 cells). Bottom, UMAP 
cell density plots of CD45.1+ Dnmt3a+/+ cells versus CD45.2+ Dnmt3aR878H/+ cells in 
LK-enriched bone marrow samples collected from mice treated with vehicle or 
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untreated and metformin-treated LK samples. c, Sankey diagrams showing  
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from d. In box plots in d,e, the box represents the interquartile range with the 
median indicated by the line inside the box; whiskers extend to the minimum 
and maximum values. In f, data are mean ± s.e.m. Statistical significance was 
calculated using two-sided (d,f) or one-sided (e) Student’s t-tests.
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that metformin treatment suppresses the competitive advantage of 
Dnmt3aR878H/+ HSCs.

Metformin increases methylation capacity
Gene set enrichment analysis (GSEA) of the scRNA-seq data revealed 
an enrichment of genes associated with OXPHOS in Dnmt3aR878H/+ HSCs 
relative to wild-type HSCs and a decrease in expression of these genes 
with metformin treatment (Extended Data Fig. 4a,b). This unexpected 
result suggested that metformin could influence mitochondrial respira-
tion not only through a direct inhibition of complex I but also through 
downregulation of OXPHOS-related genes. To further investigate its 
mechanism of action, we first studied the effect of in vivo metformin 
treatment on mitochondrial function of HSPCs. We performed extra-
cellular flux analysis on freshly isolated LK-enriched bone marrow 
cells from the mice that were untreated or treated with metformin for 
1 month (Extended Data Fig. 3c). Metformin treatment reduced the 
basal and maximal OCRs as well as the ΔΨm of Dnmt3aR878H/+ LK cells to 
levels similar to those of untreated Dnmt3a+/+ LK cells (Extended Data 
Fig. 4c,d). To uncover the effect of metformin on specific metabolic 
pathways, we performed a mass spectrometry-based metabolomic 
analysis of the untreated and treated LK cells of both Dnmt3a geno-
types. This analysis, which focused on metabolites that are central to 
energy and redox metabolism, detected 101 named metabolites, of 
which 8 were significantly increased in metformin-treated mutant LK 
cells compared with untreated mutant cells (Supplementary Table 1). 
Of note, 4 out of the 8 up-regulated metabolites (l-cysteate, dimeth-
ylglycine, reduced glutathione (GSH) and taurine) are involved in 
one-carbon (1C) metabolism through the methionine cycle (Fig. 3a,b). 
Since the methionine cycle generates SAM, these findings suggest that 
metformin could potentially affect SAM levels and the ratio of SAM to 
SAH, which is also known as the methylation index, an indicator of cellu-
lar methylation potential. To test this hypothesis, we directly measured 
the intracellular concentrations of SAM and SAH, which were below the 
detection threshold of the bulk metabolomic analysis. Consistent with 
our hypothesis, the methylation index was higher in metformin-treated 
Dnmt3aR878H/+ LK cells than in untreated cells (Fig. 3c), indicative of an 
increase in their cellular methylation potential. The effect of metformin 
on methylation index was observed only in Dnmt3aR878H/+ LK HSPCs and 
not in Dnmt3a+/+ LK cells (Fig. 3c).

To determine whether the metformin-induced changes in methyla-
tion index could be due to alterations in the expression of genes involved 
in 1C metabolism, we performed bulk RNA-seq analysis of Dnmt3a+/+ 
and Dnmt3aR878H/+ LK-enriched cells that were untreated or treated with 
metformin for 1 month (Extended Data Fig. 3c). GSEA of the RNA-seq 
dataset showed that metformin treatment decreased the expression of 
genes associated with stemness and OXPHOS (Extended Data Fig. 4e,f), 
consistent with our earlier results. Notably, it also revealed a significant 
enrichment of genes involved in 1C metabolism in metformin-treated 
Dnmt3aR878H/+ LK cells (Fig. 3d). To confirm these findings, we performed 
quantitative PCR with reverse transcription (RT–qPCR) to measure 
the expression of eight genes that encode enzymes in the folate and 
methionine cycles (Shmt2, Mthfd2l, Shmt1, Mthfd1, Mthfr, Ahcy, Cbs and 
Bhmt) and found that metformin treatment increased their expression 
in Dnmt3aR878H/+ LK cells (Fig. 3e). Although metformin also up-regulated 
expression of these genes in Dnmt3a+/+ LK cells, the magnitude of change 
was much smaller (Fig. 3e). These findings suggest that metformin 
selectively increases the cellular methylation potential of mutant HSPCs 
by upregulating the expression of genes involved in 1C metabolism.

On the basis of the above findings, we hypothesized that metformin 
suppresses the competitive advantage of Dnmt3aR878H/+ cells by increas-
ing their cellular methylation potential. To test this hypothesis, we 
investigated the effect of exogenous SAM and SAH on the competi-
tive advantage of mutant LK cells using our in vitro assay (Extended 
Data Fig. 1d). The addition of exogenous SAM, which increases the 

methylation index, was sufficient to reduce the competitive advantage 
of Dnmt3aR878H/+ HSPCs (Extended Data Fig. 5a). The suppressive effect 
of SAM on Dnmt3aR878H/+ HSPCs was maintained after downregulation 
of Dnmt3b expression (Extended Data Fig. 5b,c), suggesting that this 
effect was independent of DNMT3B activity. Increasing the concen-
tration of folic acid in the culture medium, which augments the avail-
ability of 1C units for SAM synthesis, also reduced the competitive 
advantage of Dnmt3aR878H/+ HSPCs (Extended Data Fig. 5d). Conversely, 
exogenous SAH, which lowers the methylation index, counteracted the 
suppressive effect of metformin on mutant cells (Extended Data Fig. 5a).  
To confirm these findings, we inhibited SHMT2 and MAT2A as alterna-
tive approaches to lowering the [SAM]/[SAH] ratio. SHMT2 generates 
a 1C unit (5,10-methylenetetrahydrofolate) that is necessary for SAM 
synthesis through the folate and methionine cycles, and MAT2A directly 
catalyses the synthesis of SAM from methionine (Fig. 3a). In line with our 
hypothesis, pharmacologic inhibition of SHMT with SHIN-123 or MAT2A 
with AG-27024 rescued the suppressive effect of metformin on mutant 
HSPCs (Extended Data Fig. 5e,f). The addition of exogenous SAM miti-
gated the rescue effect of SHIN-1 (Extended Data Fig. 5g), indicating 
that SHIN-1 acts by reducing SAM production. Genetic knockdown of 
Shmt2 expression also rendered Dnmt3aR878H/+ HSPCs resistant to the 
suppressive effect of metformin (Extended Data Fig. 5h,i). Together, 
these findings support a mechanism in which metformin selectively 
reduces the competitive advantage of Dnmt3aR878H/+ HSPCs by increas-
ing their cellular methylation potential.

Reversal of aberrant epigenetic profiles
The mechanism by which DNMT3A mutations confer a competitive 
advantage to mutant HSCs is believed to be mediated through focal 
DNA hypomethylation secondary to reduced de novo DNA methylation 
activity13,17. In the context of DNMT3A R882 mutants in which a copy of 
the wild-type gene remains, the residual DNA methylation activity is 
estimated to be around 20% of normal, but is not absent13. We hypo-
thesized that the metformin-induced increase in methylation index 
could augment this activity, resulting in a reversal of the aberrant DNA 
CpG hypomethylation pattern in mutant cells and consequent decrease 
in their competitive advantage. A prediction based on this hypoth-
esis is that elimination of residual DNMT3A activity by inactivating 
the remaining wild-type Dnmt3a allele in mutant cells should render 
them resistant to the effect of metformin. To test this prediction, we 
used CRISPR–Cas9 to knock out Dnmt3a in Dnmt3a+/+ and Dnmt3aR878H/+ 
LK cells. The knockout efficiency was approximately 98%, indicative of 
biallelic inactivation in both cell types (Extended Data Fig. 6a). Using 
our in vitro competition assay, we found that Dnmt3a knockout signifi-
cantly increased the competitive advantage of LK HSPCs, regardless 
of their initial Dnmt3a genotype (Extended Data Fig. 6b). Metformin 
did not suppress the competitive advantage of Dnmt3aR878H/+ cells fol-
lowing Dnmt3a knockout, supporting the idea that residual DNMT3A 
activity is required for the metformin effect (Extended Data Fig. 6b). 
Another prediction is that metformin treatment should increase the 
level of methylation at CpG sites that are differentially hypomethylated 
in Dnmt3aR878H/+ cells. To test this, we performed reduced representa-
tion bisulfite sequencing (RRBS) analysis of LK-enriched bone marrow 
cells from recipient mice that received Dnmt3aR878H/+ or Dnmt3a+/+ WBM 
cells from sex-matched littermate donors and were either untreated or 
treated with metformin for 1 month (Extended Data Fig. 3c). The RRBS 
technique, which enriches for CpG-rich regions, was chosen because 
DNMT3A preferentially catalyses DNA methylation at CpG dinucleo-
tides. We identified 5,430 DMRs in the comparison between untreated 
Dnmt3aR878H/+ (n = 4) and untreated Dnmt3a+/+ (n = 3) samples. Consist-
ent with prior reports13,17, the majority of the DMRs (n = 4,649; 85.6%) 
were hypomethylated in the untreated Dnmt3aR878H/+ samples (Fig. 4a).  
In the comparison between metformin-treated Dnmt3aR878H/+ (n = 3) and 
untreated Dnmt3aR878H/+ (n = 4) samples, we identified 3,285 DMRs, 1,923 
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and SAH and the SAM:SAH ratio in LK cells isolated from mice transplanted with 
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maximum values. Statistical significance was calculated using two-sided 
Student’s t-tests.
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(58.5%) of which were hypermethylated in the treated samples (Fig. 4a). 
We found 870 overlapping DMRs at the intersection between these two 
sets (Extended Data Fig. 6c). In line with our hypothesis, metformin 
treatment increased the methylation level at 617 (90.9%) of the 679 
hypomethylated DMRs in Dnmt3aR878H/+ samples, bringing their aver-
age methylation levels close to those of untreated Dnmt3a+/+ samples 
(Fig. 4b and Extended Data Fig. 6d). Similar findings were observed in 
the subsets of DMRs associated with CpG islands and gene promoter 
regions (Fig. 4a,b and Extended Data Fig. 6c,d). To explore the potential 
effect of these changes in DNA methylation on gene expression, we 
conducted GSEA on genes ranked by differential promoter methylation 
and mRNA expression from our bulk RNA-seq analysis. This analysis 
revealed that Dnmt3aR878H/+ cells, compared with Dnmt3a+/+ cells, exhib-
ited decreased promoter methylation and increased expression of 
genes involved in mitochondrial respiration (Extended Data Fig. 7a). 
Re-analysis of a previously published combined transcriptome and 
methylome dataset of single progenitor cells from individuals with 
DNMT3A R882-mutated clonal haematopoiesis also revealed similar 
patterns in changes in the methylation and expression of genes asso-
ciated with OXPHOS17 (Extended Data Fig. 7b). Analysis of our bulk 
RRBS and RNA-seq datasets also showed promoter hypermethylation 
and decreased expression of genes associated with 1C metabolism in 
Dnmt3aR878H/+ cells relative to Dnmt3a+/+ cells (Extended Data Fig. 7a). 
Notably, metformin treatment reversed these aberrant changes in DNA 
methylation and gene expression in mutant cells (Extended Data Fig. 7a).

In human clonal haematopoiesis, the DNMT3A R882 mutation has pre-
viously been reported to result in preferential DNA hypomethylation of 
targets of the polycomb repressive complex 2 (PRC2)17, which catalyses 
the methylation of histone H3 K27 (H3K27). In addition, the Dnmt3aR878H 
mutation was previously found to be associated with a reduction in 
H3K27 trimethylation (H3K27me3)25, indicating its potential influence 
on another layer of epigenetic regulation. Given that PRC2-mediated 
methylation activity is also regulated by the [SAM]/[SAH] ratio, we 
hypothesized that metformin could reverse the aberrant H3K27 hypo-
methylation profile in Dnmt3aR878H/+ HSPCs. To test this, we performed 
H3K27me3 chromatin immunoprecipitation followed by sequencing 
(ChIP–seq) analysis of Dnmt3aR878H/+ and Dnmt3a+/+ LK-enriched bone 
marrow cells from the mice that were either untreated or treated with 
metformin for 1 month (Extended Data Fig. 3c). This analysis revealed a 
reduction in H3K27me3 levels globally and in the regions surrounding 
transcription start sites (TSSs) in the untreated Dnmt3aR878H/+ samples 
relative to the untreated Dnmt3a+/+ samples (Fig. 4c,d). Consistent with 
our hypothesis, metformin treatment restored H3K27me3 levels in 
Dnmt3aR878H/+ samples to a level resembling that of untreated Dnmt3a+/+ 
samples (Fig. 4c,d). To confirm these findings using an orthogonal 
approach, we measured the amount of H3K27me3 by intracellular flow 
cytometry. Similar to the ChIP–seq results, we found that Dnmt3aR878H/+ 
LK cells had lower levels of H3K27me3 than Dnmt3a+/+ LK cells and 
metformin treatment restored H3K27me3 levels in mutant cells to 
levels resembling those of wild-type cells (Fig. 4e). Together, the above 
findings demonstrate that metformin treatment can reverse the aber-
rant epigenetic landscape in Dnmt3aR878H/+ HSPCs.

Metformin suppresses human mutant HSPCs
To explore the relevance of our findings in human clonal haematopoie-
sis, we modelled the DNMT3A R882 mutation in human HSPCs by trans-
ducing purified CD34+ HSPCs from cord blood with lentiviral vectors 
expressing a DNMT3A shRNA and BFP. Since DNMT3A R882-mutated 
cells retain about 20% of wild-type DNMT3A activity13, knockdown of 
DNMT3A expression should phenocopy the effects of DNMT3A R882 
mutations. Using this approach and an in vitro competition assay with 
human cytokines (Fig. 5a and Supplementary Fig. 1c), we found that 
DNMT3A-knockdown (DNMT3A-KD) HSPCs displayed a competitive 
advantage over control HSPCs expressing a non-targeting shRNA 

(shNT) (Fig. 5b and Extended Data Fig. 8a,b). Consistent with our mouse 
studies, metformin treatment reduced the competitive advantage of 
DNMT3A-KD HSPCs (Fig. 5b). The effects of DNMT3A knockdown and 
metformin treatment were observed in both the CD34+ and CD34− cell 
fractions following ex vivo culture (Extended Data Fig. 8c). The suppres-
sive effect of metformin was mitigated by the co-expression of NDI1 
(Fig. 5b), indicating that the effect was mediated through inhibition of 
complex I. DNMT3A-KD HSPCs exhibited higher basal OCRs compared 
with control HSPCs, a difference that was eliminated by metformin 
treatment (Fig. 5c). Similar to mouse Dnmt3aR878H HSPCs, the levels of 
5mC and H3K27me3 were lower in DNMT3A-KD cells than in control cells 
(Fig. 5d,e). Metformin treatment augmented the methylation index 
(Fig. 5f and Extended Data Fig. 8d) and increased 5mC and H3K27me3 
in DNMT3A-KD cells (Fig. 5d,e), mirroring the mechanistic findings 
observed in mouse Dnmt3aR878H HSPCs.

To further evaluate the effect of metformin on DNMT3A R882-mutated 
human HSPCs, we designed and optimized a prime editing strategy to 
introduce the R882H mutation into the DNMT3A gene in purified CD34+ 
HSPCs from cord blood samples. The Cas nickase (nCas)-based prime 
editing technique has been shown to cause less cytotoxic and genotoxic 
stress and edit with higher precision and efficiency in long-term repop-
ulating HSPCs than conventional homology-directed repair-based 
CRISPR–Cas9 editing strategies26. Using the optimized prime editing 
strategy, we introduced the DNMT3AR882H mutation in five HSPC sam-
ples from independent donors. As a negative control, we introduced 
a T>G single nucleotide variant in exon 1 of the B2M gene that causes a 
premature stop codon26. After prime editing, the baseline (day 0) mean 
variant allele frequency (VAF) was 20% for DNMT3AR882H (Fig. 5g and 
Extended Data Fig. 8e) and 49.8% for the B2M single nucleotide variant 
(Fig. 5h). The edited cell pools were plated in methylcellulose medium 
to assess the relative competitive advantage of the DNMT3AR882H versus 
DNMT3A wild-type cells. After an additional 14 days in culture, the mean 
VAF of DNMT3AR882H increased to 42.4% in untreated cells, consistent 
with a relative expansion of the mutant population (Fig. 5g). Metformin 
treatment suppressed the expansion of DNMT3A-mutated cells with a 
mean VAF of 26.2% (Fig. 5g). By contrast, the mean VAFs of B2M-edited 
cells did not significantly change after 14 days in culture with or without 
metformin treatment (Fig. 5h), indicating that the observed effects on 
DNMT3AR882H HSPCs were not an artefact of prime editing. Together, 
these results support the idea that metformin has the potential to sup-
press the competitive advantage of DNMT3A R882-mutated clones in 
human clonal haematopoiesis.

Discussion
Targeting the cell-intrinsic mechanisms that are critical for the selective 
advantage of mutant HSPCs in clonal haematopoiesis is a potential strat-
egy for suppressing clonal expansion and lowering the risk of developing 
disease related to clonal haematopoiesis. Here we found that upregula-
tion of mitochondrial respiration is a key functional consequence of 
the Dnmt3a R878H mutation and mutant HSPCs are dependent on this 
metabolic reprogramming to outcompete their wild-type counterparts. 
Notably, this dependency was evident at the level of HSCs. Thus, our 
findings provide evidence that mitochondrial metabolism is a critical 
cell-intrinsic regulator of the clonal advantage of DNMT3A R882-mutated 
clones in clonal haematopoiesis. This notion is consistent with the grow-
ing body of evidence that demonstrates a role for mitochondrial bioen-
ergetics and dynamics in the regulation of stem cell fate.

Our finding that Dnmt3aR878H/+ HSPCs are dependent on increased 
mitochondrial respiration has important therapeutic implications 
because many components of the ETC are druggable cellular targets. 
In this study, we focused on the therapeutic potential of metformin, a 
biguanide that is widely used in the treatment of diabetes. Although 
biguanides have been reported to target many cellular proteins, their 
inhibitory effect on complex I (NADH dehydrogenase) activity is the 
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Fig. 5 | Metformin suppresses human DNMT3AR882H HSPCs. a, Schematic 
diagram of the in vitro competition assay of human CD34+-enriched HSPCs. 
Created in BioRender. Chan, S. (2025) https://BioRender.com/w95m335.  
b, Proportion of BFP+ and GFP+ cells in a competition assay between BFP+ HSPCs 
expressing shNT, shRNA targeting DNMT3A (shDNMT3A) alone or shDNMT3A 
plus NDI1 and GFP+ HSPCs expressing shNT in the absence or presence of 
metformin. n = 4 biologically independent samples each. c, Basal OCR in 
human HSPCs expressing shNT or shDNMT3A and treated with or without 
metformin. n = 4 biologically independent samples each. d, Intracellular 5mC 
staining in human HSPCs expressing the indicated shRNA and treated with or 
without metformin. n = 3 biologically independent samples each. e, Intracellular 
H3K27me3 staining in human HSPCs expressing the indicated shRNA and 
treated with or without metformin. n = 4 biologically independent samples 

each. f, SAM:SAH ratio in human HSPCs expressing the indicated shRNA and 
treated with or without metformin. n = 3 biologically independent samples 
each. g, DNMT3AR882H VAFs of prime-edited human HSPCs at baseline (day 0) 
and after 14 days in culture in the presence or absence of metformin. n = 5 
biologically independent samples. h, Mutant B2M VAFs of prime-edited human 
HSPCs at baseline (day 0) and after 14 days in culture in the presence or absence 
of metformin. n = 4 biologically independent samples. Lines connect VAFs 
from the same sample in g,h. In c–f, the box represents the interquartile range 
with the median indicated by the line inside the box; whiskers extend to the 
minimum and maximum values. In b, data are mean ± s.e.m. In g,h, the bar plot 
represents the mean. Statistical significance was calculated using two-sided 
unpaired (b–f) or paired (g,h) Student’s t-tests.
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most well established and supported by structural evidence8. Indeed, 
our finding that ectopic expression of NDI1, a metformin-resistant yeast 
analogue of complex I, rendered Dnmt3aR878H/+ HSPCs insensitive to 
effects of metformin strongly supports complex I as the main protein 
target. However, the observed reduction in mitochondrial respiration in 
metformin-treated Dnmt3aR878H/+ HSPCs was not due to complex I inhibi-
tion alone but also occurred through the downstream downregulation 
of genes involved in OXPHOS. Results from our multi-omics studies sug-
gest that metformin exerts its downstream effects on gene expression, at 
least in part, by increasing the methylation potential and consequently 
augmenting the activity of DNMT3A, the PRC2 complex and possibly 
other SAM-dependent methyltransferases in Dnmt3aR878H/+ HSPCs. This 
proposed mechanism is consistent with prior studies that demonstrate 
an association between metformin exposure and an increase in 5mC 
and H3K27me3 levels in various cellular contexts27–29. It is noteworthy 
that metformin appears to preferentially increase the expression of 
genes involved in 1C metabolism and methylation index in Dnmt3aR878H/+ 
HSPCs over wild-type cells, indicating a degree of selectivity in its effects. 
Whether this selectivity is specific for metformin or common across 
other ETC inhibitors is unclear and warrants further investigations.

To explore the translational relevance of our findings, we utilized two 
distinct approaches to model the DNMT3A R882 mutation in human 
cells. In the first approach, we down-regulated DNMT3A expression 
using RNA interference to mimic the functional effect of the DNMT3A 
R882 mutation, which has been shown to reduce DNMT3A enzymatic 
activity to around 20% that of the wild type13. Metformin treatment 
effectively suppressed the competitive advantage of these DNMT3A-KD 
HSPCs, aligning with our proposed mechanistic model in which met-
formin acts by augmenting the residual DNMT3A activity in the cell. In 
the second approach, we optimized a prime editing strategy to intro-
duce the DNMT3AR882H mutation into human HSPCs with high editing 
efficiencies. The prime editing technique has important advantages 
over Cas9 nuclease-based genome editing strategies that depend on 
the generation of DNA double-strand breaks, which are highly toxic 
to HSCs. Although prime editing can still induce a small amount of 
double-strand breaks, it is less genotoxic and can achieve high editing 
efficiencies in long-term repopulating HSPCs26. Our reported meth-
odology represents an important technical resource for the study of 
DNMT3A R882 mutations in human HSPCs.

The presence of clonal haematopoiesis has been shown to be asso-
ciated with an increased risk of developing not only haematologic 
malignancies but also a growing list of age-related inflammatory ill-
nesses. Interventions that effectively lower the risk of these adverse 
outcomes in clonal haematopoiesis carriers have the potential to 
positively affect the health of a large segment of the aging popula-
tion. However, this goal is not yet possible owing to the lack of known 
interventions that effectively suppress the expansion of mutant clones 
in clonal haematopoiesis. The ideal preventive intervention should be 
not only effective, but also easy to administer and safe for long-term 
use. Metformin fulfils these criteria and can be readily repurposed as a 
preventive treatment for DNMT3A R882-mutated clonal haematopoie-
sis carriers, especially those at high risk of malignant transformation 
or other clonal haematopoiesis-related illness. A recent retrospective 
case–control study bolsters this concept, revealing that metformin 
use correlated with a decreased risk of myeloproliferative neoplasm 
development30. Alternative interventions that augment the availabil-
ity of 1C metabolites for SAM production, such as folic acid, may also 
be effective in suppressing the competitive advantage of DNMT3A 
R882-mutated clones. Our research provides the preclinical rationale 
for investigating these approaches in future clinical trials.
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Methods

Human HSPC isolation
Cord blood samples were obtained with informed consent from Tril-
lium Health, Credit Valley and William Osler Hospitals according 
to procedures approved by the University Health Network (UHN) 
Research Ethics Board. Mononuclear cells were isolated by centrif-
ugation over Ficoll-Paque. HSPCs were enriched using the Human 
Progenitor Cell Enrichment Kit with Platelet Depletion kit according 
to manufacturer’s instructions (Stemcell Technologies, 19356). For 
prime-editing experiments, CD34+ cells in the enriched population 
were further purified using the human CD34 MicroBead Ultrapure kit 
according to manufacturer’s instructions (Miltenyi Biotec 130-100-
453). The purified cells were used immediately for experiments or 
viably frozen in 90% (v/v) FBS with 10% (v/v) DMSO and stored in liquid  
nitrogen.

mRNA in vitro transcription
The PEmax plasmid (Addgene, #204472) was used to synthesize the 
mRNA encoding nCas9-RT by in vitro transcription as described26. 
In brief, the plasmid was linearized with SpeI and purified by 
phenol-chloroform extraction. mRNAs were transcribed in vitro using 
the MEGAscript T7 Transcription kit (ThermoFisher), capped with 
8 mM CleanCap Reagent AG (TriLink), purified using the RNeasy Plus 
Mini Kit (Qiagen). The quality of the transcribed mRNA was assessed 
by capillary electrophoresis. mRNAs were resuspended in RNase free 
water and stored at −80 °C.

Prime editing of human HSPCs
A total of 1 × 105 to 5 × 105 CD34+ HSPCs were rinsed with PBS and sub-
jected to electroporation using the P3 Primary Cell 4D-Nucleofector 
X Kit and Nucleofector 4D device (Lonza) with program EO-100. The 
electroporation mixture contained 180 pmol nicking single guide RNA 
(sgRNA) from Synthego, 270 pmol prime editing guide RNA (pegRNA) 
from IDT, and 12 μg PEmax mRNA. Following electroporation, cells were 
allowed to recover for 3 min at room temperature and subsequently 
maintained in culture. Three to four days after electroporation, cells 
were harvested to obtain genomic DNA for molecular studies. The 
nicking sgRNA and pegRNA sequences can be found in Supplementary 
Table 2. The pegRNA for B2M editing was described by Fiumara et al.26. 
The engineered pegRNA (epegRNA) for DNMT3A editing consisting 
of a protective linker and motif at the 3′ end for guide degradation 
was designed with pegFinder (http://pegfinder.sidichenlab.org/) and 
pegLIT (https://peglit.liugroup.us/)31.

Human competition assay of prime-edited HSPCs
Three days after nucleofection, edited cells were cultured at a cell den-
sity of 1,000 cells per ml in methylcellulose-based medium (MethoCult 
H4330, Stemcell Technologies) supplemented with BIT9500 serum 
substitute at 10% (v/v) and StemSpan CC100 at 1×. Cells were cultured in 
a 5% CO2 humidified atmosphere at 37 °C. After 2 weeks in culture with or 
without metformin at 50 μM, cells were collected for molecular analy-
sis to determine the VAF of either the DNMT3AR882H or B2M mutation.

Molecular analysis of prime-edited cells
Genomic DNA (gDNA) was extracted from prime-edited HSPCs using 
the QIAamp DNA Micro Kit (Qiagen) or QuickExtract DNA Extraction 
Solution (Lucigen), following manufacturer’s instructions. The effi-
ciency of B2M editing was assessed using Sanger sequencing and the 
EditR software (http://baseeditr.com). To adapt EditR for assessing B2M 
editing, we used the input sequence TGGCCTTAGCTGTGCTCGC and 
selected the reverse complement orientation option as described26. 
The efficiency of DNMT3AR882H editing was determined using the QX200 
Droplet Digital PCR System and a TaqMan-based genotyping assay. 
The primer and probe sequences can be found in Supplementary 

Table 3. The VAF was calculated as the number of fluorescein amidite 
(FAM)-positive droplets divided by total droplets containing a target.

Lentivirus production and transduction
HEK293T cells obtained from ATCC, short tandem repeat verified, and  
regularly tested for mycoplasma contamination. The cells were grown in 
DMEM supplemented with 10% (v/v) FBS and 2 mM Gluta-Plus (Wisent,  
609-066 EL). Cells were seeded in 15-cm tissue culture plates at a density 
of 7 × 106 cells per plate 1 day before transfection. On the day of trans-
fection, cells were co-transfected with lentiviral plasmids, psPAX2, and 
pMD2.G using the jetPRIME transfection reagent (Polyplus) according 
to manufacturer’s protocol. Supernatant containing viral particles 
was collected at 48 and 72 h post-transfection and filtered through 
a 0.45-μm PVDF filter. Viral particles were precipitated in 40% (w/v) 
polyethylene glycol overnight. The next day, viral particles were col-
lected by centrifugation at 3,700 rpm for 30 min at 4 °C. The pellet was 
resuspended in HBSS with 25 mM HEPES and stored at −80 °C for long- 
term storage.

For lentiviral transductions, non-tissue culture-treated 24-well plates 
were coated with 20 μg ml−1 of Retronectin (Takara, T100B) for 2 h at 
room temperature, followed by aspiration, and blocking with PBS con-
taining 2% (w/v) BSA for 30 min at room temperature. After aspiration 
of the blocking buffer, the concentrated virus suspension was added to 
wells. The plates were centrifuged at 3,700 rpm for 2 h at 4 °C to promote 
virus binding. Following centrifugation, unbound virus was aspirated, 
and cells were added. The plates were then transferred to a 37 °C incuba-
tor to initiate lentiviral infection.

Human competition assay of DNMT3A-KD HSPCs
Freshly isolated human HSPCs were transduced with lentiviral vec-
tors using the procedures described above. After transduction, cells 
were cultured in StemSpan SFEM II medium (Stemcell Technolo-
gies, 09655) supplemented with l-glutamine at 4 mM, human SCF at 
100 ng ml−1, human FLT3-L at 100 ng ml−1, human TPO at 20 ng ml−1, 
SR1 at 1 μM and UM171 at 50 nM. Three days after transduction, the 
transduced CD34+ cells marked by BFP or GFP expression were sorted by 
fluorescence-activated cell sorting (FACS). The sorted cells were mixed 
with appropriate competitor cells and cultured at a density of 2,000 cells 
per ml in methylcellulose-based medium (MethoCult H4330, Stemcell 
Technologies) supplemented with BIT9500 serum substitute at 10% (v/v) 
and StemSpan CC100 at 1×. Cells were cultured in a 5% CO2 humidified 
atmosphere at 37 °C. After 14 days in culture, cells were collected and 
analysed by flow cytometry for the proportion of BFP+ and GFP+ cells.

Generation of Dnmt3a−/− cells using CRISPR–Cas9
Pooled synthetic sgRNAs targeting Dnmt3a were ordered from 
Synthego. The sequences of the three sgRNAs can be found in Supple-
mentary Table 4. The sgRNAs were reconstituted in TE buffer to achieve 
a concentration of 0.1 mM. 2.5 μl of the sgRNAs was mixed with 1.5 μl 
recombinant SpCas9 (IDT, 1081058) at a concentration of 10 μg μl−1 in 
Lonza P3 nucleofection solution (Lonza, V4XP-3024) to achieve a final 
volume of 25 μl. The mixture was incubated at room temperature for 
15 min to allow formation of the sgRNA–Cas9 ribonucleoprotein (RNP) 
complex. A total of 2 × 105 Dnmt3aR878H/+ or Dnmt3a+/+ LK cells were 
resuspended in 75 μl of the P3 nucleofection solution, combined with 
the 25 μl of the sgRNA–Cas9 RNP complex, and transferred to a Lonza 
nucleofection microcuvette. Nucleofection was conducted using an 
Amaxa 4D-Nucleofector with program CA137. The efficiency of Dnmt3a 
knockout was assessed by Sanger sequencing and ICE analysis four 
days after nucleofection. The primers used are listed in Supplemen-
tary Table 3.

Mouse models and in vivo repopulation experiments
All animal experiments were performed in accordance with institutional 
guidelines approved by the University Health Network Animal Care 
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Committee. CD45.2+ C57BL/6J and CD45.1+ B6.SJL-PtprcaPepcb/BoyJ  
(Pep-Boy) mice were obtained from The Jackson Laboratory and main-
tained in the same animal facility for the duration of the study. Mice 
were maintained on a 12-hour light/dark cycle at a temperature of 
21–22 °C and relative humidity of 45–60%. Dnmt3afl-R878H/+ mice ( Jackson 
Laboratory, 032289) were crossbred with Mx-Cre mice ( Jackson Labora-
tory, 003556) and genotyped using protocols described by the Jackson 
Laboratory. Female Dnmt3afl-R878H/+;Mx1cre/+ and Dnmt3a+/+;Mx1cre/+ mice 
were used in our studies. Experiments were initiated at 8–12 weeks of 
age. To induce Cre recombinase expression, mice were administered 
polyinosinic-polycytidylic acid (pIpC) at a dose of 15 mg kg−1 via intra-
peritoneal injection once every other day for a total of 5 doses. After 
pIpC administration, genomic DNA was extracted from peripheral 
blood cells to confirm recombination using a PCR-based assay. In addi-
tion, cDNA synthesized from total RNA extracted from WBM cells was 
sequenced to verify mutant allele expression. Primers used for geno-
typing and detection of recombination can be found in Supplementary 
Table 3. In all experiments involving competition with CD45.1+ cells, the 
donor Pep-Boy mice were also treated with pIpC as above prior to cell 
harvesting to control for any potential effects of pIpC.

For non-competitive repopulation experiments, CD45.2+ 
Dnmt3aR878H/+ or Dnmt3a+/+ bone marrow cells were resuspended in 
Opti-MEM medium and transplanted by tail vein injection (1 × 106 cells 
per mouse) into 10-week-old female CD45.2+ C57BL/6J recipient mice 
conditioned with 12 Gy of irradiation. For competitive repopulation 
experiments, CD45.2+ Dnmt3aR878H/+ or Dnmt3a+/+ bone marrow cells 
were mixed with CD45.1+ Dnmt3a+/+ bone marrow cells from sex- and 
age-matched Pep-Boy donors at a 2:3 ratio prior to transplantation. Five 
weeks after transplantation, mice were block-randomized to receive 
either metformin treatment (5 mg ml−1 in drinking water) or no treat-
ment. Metformin in the drinking water was replaced twice a week dur-
ing the treatment period. The investigators were not blinded to the 
treatment groups during the experiment.

Isolation of mouse HSPCs from bone marrow
Mouse HSPCs were isolated from bone marrow using a two-step 
enrichment process. First, lineage-negative (Lin−) cells were negatively 
selected using the EasySep Mouse Hematopoietic Progenitor Isolation 
Kit (Stemcell Technologies, 19856). These cells were further enriched 
for KIT expression using the EasySep Mouse CD117 (c-KIT) Positive 
Selection Kit (Stemcell Technologies, 18757) to obtain LK HSPCs.

Mouse in vitro competition assays
In vitro competition experiments were performed in 96-well flat-bottom 
tissue culture plates. CD45.2+ Dnmt3aR878H/+ or Dnmt3a+/+ LK cells were 
mixed with CD45.1+ Dnmt3a+/+ LK cells from Pep-Boy mice at a ratio 
of 2:3. The cell mixture was plated in MethoCult GF M3434 medium 
(Stemcell Technologies, 03434) at a density of 200 cells per well, with 
treatments added as indicated. Cells were cultured in a 5% CO2 humidi-
fied atmosphere at 37 °C for 10 days.

CFU assays
Mouse LK cells (3 × 103) were suspended in 1.1 ml of MethoCult GF 
M3434 medium and plated in six-well tissue culture plates with or 
without metformin. Cultures were maintained at 37 °C in a humidified 
atmosphere with 5% CO2 for 10 days. Colonies were counted, and cells 
were re-plated to assess serial colony-forming capacity.

Flow cytometry
Cells were stained with fluorochrome-conjugated antibodies (Sup-
plementary Table 5) at the indicated dilutions in FACS buffer (HBSS 
containing 2% FBS and 0.1% sodium azide) for 30 min at 4 °C. After 
washing in FACS buffer, cells were analysed using a Beckman Coulter 
CytoFLEX flow cytometer. Data analysis was performed using FlowJo 
V10 software.

Intracellular protein staining
Cells were first stained with fluorochrome-conjugated antibod-
ies against cell surface proteins for 30 min at 4 °C. Cells were then 
fixed and permeabilized using a fixation/permeabilization solution 
(BD Biosciences, 554714) for 20 min at 4 °C. Fixed cells were then 
incubated with antibodies targeting intracellular proteins (Ki-67, 
H3K27me3, or DNMT3A) or isotype control antibodies for 1 h at room 
temperature in 1×Perm/Wash buffer (BD Biosciences, 554714). For 
unconjugated primary antibodies, cells were stained appropriate 
fluorophore-conjugated secondary antibodies. After staining, cells 
were washed twice with 1×Perm/Wash buffer and resuspended in FACS 
buffer for flow cytometric analysis.

Analysis of mitochondrial parameters
Mitochondrial ROS, ΔΨm and mass were measured in freshly isolated 
mouse bone marrow cells or enriched LK cells by flow cytometry. Cells 
were incubated in FACS buffer containing MitoSOX Red (5 μM), TMRE 
(100 nM), or MitoTracker Green (100 nM) for 20 min at 37 °C. Reagents 
are listed in Supplementary Table 6. After staining, cells were washed 
twice and resuspended in FACS buffer with a live/dead stain before 
flow cytometric analysis.

Mitochondrial function analysis
Cellular bioenergetics were assessed using a Seahorse XFe96 Extracel-
lular Flux Analyzer. One day before the assay, the sensor cartridge was 
hydrated in calibration buffer at 37 °C in a non-CO2 incubator. XFe96 
microplate wells were coated with Cell-Tak (Corning, 354240) at a con-
centration of 22.4 μg ml−1 at 4 °C and rinsed with sterile water. Cells 
were resuspended in XF base minimal DMEM media containing 11 mM 
glucose, 2 mM glutamine, and 1 mM sodium pyruvate. Approximately 
3 × 105 cells in 180 μl of medium were added per well in the microplate. 
The plates were centrifuged at 100g for 5 min to promote cell adhesion 
and incubated for 1 h at 37 °C in a non-CO2 incubator. OCR and extra-
cellular acidification rate were measured at baseline and following 
sequential addition of oligomycin (1 μM), FCCP (1 μM), and antimycin 
A and rotenone (1 μM each) using the XFe96 Analyzer.

RNA extraction and RT–qPCR analysis
Total RNA was isolated using the RNeasy Plus Kit (Qiagen) and quan-
tified using a Nanodrop spectrophotometer. RT–qPCR analysis was 
performed using the Luna Universal One-Step RT–qPCR kit (NEB, 
E3005S) on a Bio-Rad CFX Touch Real-Time PCR Detection System. 
Gene expression was normalized to mouse Actb or human ACTB expres-
sion. The primer sequences used for RT–qPCR analysis can be found 
in Supplementary Table 3.

Plasmid vector construction
Synthetic oligonucleotides were annealed and ligated into the BbsI site 
of the shRNA lentiviral expression vector pRSI9-U6-(sh)-UbiC-TagRFP-
2A-Puro (Addgene, 28289). The TagRFP sequence was replaced with 
the BFP sequence between the XbaI and BamHI sites. The NDI1 coding 
sequence was amplified by PCR from the PMXS-NDI1 plasmid (Addgene, 
72876) and cloned into the pLVX-EF1α-IRES-ZsGreen1 vector (Clontech, 
631982) between the EcoRI and SpeI sites. Oligonucleotide and primer 
sequences are listed in Supplementary Table 3.

Bulk RNA-seq analysis
Total RNA was isolated from enriched mouse LK HSPCs using the RNe-
asy Plus Mini Kit (QIAGEN, 74136), following manufacturer’s instruc-
tions. Library preparation was performed using the NEBNext Ultra RNA 
Library Prep Kit for Illumina (Novogene Corporation). Libraries were 
sequenced on a NovaSeq 6000 S4 platform using paired-end 150 bp 
reads. Reads were aligned to the mm10 reference genome using STAR 
(v2.5), and gene-level quantification was performed using HTSeq v0.6.1.



CITE-seq analysis
Single-cell RNA and protein expression were simultaneously measured 
using CITE-seq (cellular indexing of transcriptomes and epitopes by 
sequencing). Enriched mouse LK HSPCs were labelled with anti-CD45.2 
and anti-CD45.1 TotalSeq-B antibodies (Supplementary Table 5) to 
distinguish between Dnmt3aR878H/+ cells and Dnmt3a+/+ cells, respec-
tively. CITE-seq libraries were generated using the 10x Genomics Chro-
mium Single Cell 3′ v3.1_CellSurfaceProtein_RevD kit and sequenced 
on a Novaseq 6000 system (20,000 cells per sample). RNA reads were 
aligned to mm10 reference using Cell Ranger v6.1.2. The filtered Cell 
Ranger output was then analysed using Seurat package v4 with the 
following quality control criteria: 500-8,000 genes per cell and <15% 
mitochondrial genes. Fast integration using reciprocal principal compo-
nents analysis (RPCA) was used to find anchors across datasets to inte-
grate the four samples. Data normalization, variance stabilization and 
selection of the top 3,000 variable features of the molecular count data 
were performed using SCTransform, followed by dimension reduction 
by PCA and UMAP embedding using the top 30 principal components.

Haematopoietic subtypes were assigned to each cell using the 
AddModuleScore function with previously defined mouse haema-
topoietic population gene sets22. The highest gene set enrichment 
score determined the cell type annotation for each single cell. As an 
additional filtering step, the maturating erythroblastic cells express-
ing low levels of Kit (CD117) and Ptprc (CD45) were removed from the 
analysis. scDblFinder 1.16.0 was run on the Cell Ranger raw output of 
each individual sample to identify potential cell doublets. A total of 
46,225 cells were kept for downstream analyses.

The CD45.1 and CD45.2 sequencing antibody-derived tags (ADTs) 
were log normalized. ADTs with a normalized value greater than 6 were 
identified as outlier points and removed from the analysis. Cells were 
classified as wild-type (CD45.1 > CD45.2) or mutant (CD45.2 > CD45.1) 
based on normalized ADT ratios. To perform differential gene expres-
sion analysis, RNA counts from each defined haematopoietic cell popu-
lation labelled as mutant and wild type were transformed in a single-cell 
experiment object and aggregated for each of the metformin or vehicle 
samples using the sum of the counts in the R package scuttle (v1.0.4).

RRBS analysis
Genomic DNA from LK-enriched HSPCs was analysed by RRBS (Novo-
gene). In brief, DNA was digested with MspI, end-repaired, A-tailed, 
and ligated with methylated adapters. Size-selected fragments were 
bisulfite-converted using the EZ DNA Methylation-Gold Kit (Zymo 
Research) and amplified by PCR to enrich for adapter-ligated frag-
ments. RRBS libraries were quality-checked and sequenced on an 
Illumina HiSeq/NovaSeq platform, generating paired-end reads of 
150 bp nucleotides.

Raw data were trimmed to remove adapter and low-quality bases 
using Trimmomatic-0.36, followed by quality control assessment with 
FastQC (v0.11.5). Trimmed reads were aligned to mouse reference 
genome from Ensembl (GRCm38/mm10) and duplicated reads were 
removed. DNA methylation calls were extracted from the aligned reads 
as CpG coverage files. DMRs were identified using the open-source 
R package methylKit (v1.26.0)32,33. CpG sites on unmapped genome 
assembly contigs were removed, and remaining CpG sites were fil-
tered to exclude CpGs with <10× coverage PCA analysis in R. We used 
methylKit to perform pairwise comparisons to identify DMRs between 
untreated Dnmt3aR878H/+ versus untreated Dnmt3a+/+ samples, and 
between metformin-treated Dnmt3aR878H/+ and untreated Dnmt3aR878H/+ 
samples. To this end, the genome was tiled into 500-bp non-overlapping 
bins. To calculate DMR P values, a logistic regression test was used 
methylKit. P values were adjusted for multiple testing (that is, q-value) 
via the SLIM method34. DMRs with P value < 0.01 were used for down-
stream analysis. CpG islands were annotated by using the University of 
California Santa Cruz (https://genome.ucsc.edu/index.html) database 

with using plyranges R package (v1.20.0)35. Promoters were defined as 
1 kb upstream and 150 bp downstream around the TSS and annotated 
by ChIPseeker R package (v1.36.0)36,37.

Gene set enrichment analysis
Differential expression analysis was performed using DESeq2 v1.40.1 
for bulk RNA-seq and edgeR v3.36.0 for scRNA-seq data. Genes were 
ranked from the top up-regulated to down-regulated using the formula: 
rank score = −log10(P value) × sign(log fold change). For methylation 
analysis, RRBS data were processed in 10-kb segments with 25% over-
lap. Methylation levels were calculated for each tile. Promoter regions 
were defined as ±3 kb from TSSs. Gene promoters were ranked from 
hypermethylated to hypomethylated using the same ranking formula. 
GSEA was performed using ClusterProfiler v4.2.2 with the fgsea algo-
rithm against selected gene sets from Gene Ontology (GO) Biological 
Process, KEGG and WikiPathways databases.

H3K27me3 ChIP–seq analysis
LK-enriched bone marrow cells were fixed with 1% formaldehyde for 
15 min following the Active Motif chromatin immunoprecipitation 
protocol. ChIP–seq of the fixed cell pellets was performed by Active 
Motif using 15 μg chromatin and anti-H3K27me3 antibody (Active 
Motif, 39155). Sequencing data were processed and demultiplexed 
using bcl2fastq2 v2.20, with low-quality bases (Phred<33) trimmed. 
Single-end 75 bp sequence reads were mapped to the genome through 
BWA v0.7.12 algorithm with default settings.

Low-quality reads were filtered out and PCR duplicates were removed. 
Aligned sequencing reads, or tags, were extended to 200 bp from the 3′ 
end, followed by dividing the genome into 32 bp bins and counting the 
number of fragments in each bin. The resulting histograms (genomic 
‘signal maps’) were stored in bigWig files. Peak locations were deter-
mined using the MACS algorithm (v2.1.0) with a cutoff of P value = 10−7. 
Peaks that were on the ENCODE blacklist of known false ChIP–seq peaks 
were removed. A total of 18,556 peaks that were identified in at least one 
sample with a cutoff P value of 10−7 were all merged in a common matrix. 
The total number of present peaks as well as averaged peak values 
were calculated and plotted for each sample and condition using the R 
package ggplot2. ChIP–seq profiles were generated ±2 kb around TSSs 
of 10,622 unique genes using DeepTools v3.5.1 plotHeatmap function.

scRNA-seq data processing
The 10x scRNA data of CD34+ enriched cells from GCSF-mobilized 
samples (GSE158067; n = 4) were processed using Seurat v5.1, follow-
ing the method and parameters described17. In brief, each sample was 
preprocessed individually by removing cells with fewer than 200 RNA 
features, more than 3 median absolute deviations from the median UMI, 
and more than 20% mitochondrial genes, before being log-normalized. 
A total of 2,000 variable features were selected. RPCA was then used to 
integrate the 4 samples, utilizing 30 principal components and 2,000 
anchors. The integrated data was log-normalized, scaled, and centred 
using sex and mitochondrial percentage as covariates. The top 30 sta-
tistically significant principal components were used as inputs to the 
UMAP algorithm for cluster visualization. Clusters were defined using 
the Louvain algorithm and annotated based on the maximum average 
enrichment score obtained from Landau group’s list of cell population 
markers22. Differential expression between the DNMT3A R882 mutant 
and wild-type phenotype, determined via targeted genotyping, was 
assessed using the Wilcoxon rank sum test with the limma method. 
Genes were ranked based on the –log10 P value and the sign of the log 
fold change. The enrichment of hsa00190 (OXPHOS) was evaluated 
using the GSEA method in ClusterProfiler 4.8.

Single-cell DNA methylation data and scRNA-seq data processing
Single-cell DNA methylation data, combined with scRNA-seq (Smart- 
Seq2) data from CD34+ enriched cells in GCSF-mobilized bone marrow 

https://genome.ucsc.edu/index.html
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE158067
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samples (n = 2), were retrieved from GSE158067 (GSE158067_gene_exp_
mtx.txt and supplementary table 5 in ref. 17). Seurat V5.1 was used to 
process the scRNA data. The counts were log-normalized, scaled, and 
centred using the number of RNA features, mitochondrial percentage 
and plates as covariates. Differential expression between the DNMT3A 
R882 mutant and wild-type phenotype, determined through targeted 
genotyping, was assessed using the Wilcoxon rank sum test via the 
limma method. Genes were ranked based on the –log10 P value and 
the sign of the log fold change. To perform GSEA on the DNA methyla-
tion data, 12,131 genes were ranked by the DMR value within the ±1 kb 
TSS region using the –log10 P value and fold change sign. GSEA was 
performed using all GO gene sets. The enrichment of GO gene sets was 
evaluated using the GSEA method in ClusterProfiler 4.8 for both RNA 
and DNA methylation data.

Metabolomics analysis
LK-enriched mouse HSPCs were washed in PBS, pelleted, and snap- 
frozen for metabolomic analysis (University of Colorado School of 
Medicine Metabolomics Core). Metabolites were extracted from cell 
pellets (2 × 106 cells per ml) using a cold methanol:acetonitrile:water 
solution (5:3:2). Analysis was performed on a Thermo Vanquish UHPLC 
coupled to a Thermo Q Exactive mass spectrometer in positive and 
negative ion modes (separate runs) exactly as described previously38,39. 
Signals were annotated and integrated using Maven in conjunction 
with the KEGG database and an in-house standard library as reported40.

SAM and SAH quantification
SAM and SAH levels were measured using the SAM and SAH Combo 
ELISA Kit (Cell Biolabs, STA-671-C). In brief, mouse LK-enriched HSPCs 
(3 × 106 cells) were sonicated in 1 ml cold PBS on ice. The homogenized 
samples were centrifuged at 10,000g for 15 min at 4 °C, and the super-
natant was collected. Samples were either analysed immediately or 
stored at −80 °C. SAM and SAH concentrations were determined fol-
lowing the manufacturer’s protocol.

Statistical analysis
Data were analysed using GraphPad Prism v10 (GraphPad Software). 
Sample sizes and the specific statistical tests used are specified in figure 
legends. Sample size determination for animal experiments was not 
based on statistical power calculations. Statistical significance was 
defined as P < 0.05. For GSEA, results were considered significant if the 
nominal P value was <0.05 for single gene set testing and false discovery 
rate < 0.05 for testing against multiple gene sets.

Reporting summary
Further information on research design is available in the Nature Port-
folio Reporting Summary linked to this article.

Data availability
Raw and processed data from the bulk RNA-seq, scRNA-seq, RRBS and 
ChIP–seq experiments are deposited in a publicly accessible Gene 
Expression Omnibus (GEO) repository under the accession number 
GSE255101. Source data are provided with this paper.

Code availability
All code used for bioinformatics analysis is publicly available via GitHub 
at https://github.com/veroniquevoisin/DNMT3A.
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Extended Data Fig. 1 | Dnmt3aR878H/+ HSPCs have increased mitochondrial 
respiration compared with Dnmt3a+/+ cells and are dependent on this 
metabolic reprogramming for their competitive advantage. a, Gene set 
enrichment plots comparing DNMT3AR882 or DNMT3Anon-R882 mutated AML 
samples versus DNMT3AWT AML samples using two publicly available gene 
expression datasets (GSE27187 and GSE68833). Number of patients in each 
cohort is shown at the bottom of the plot. b, Gene set enrichment plots 
comparing DNMT3AR882 versus DNMT3AWT CD34+ HSPCs from individuals  
with CH using the publicly available GSE158067 gene expression dataset and 
analyzed as pseudobulk populations. Number of cells in each pseudobulk 
population is shown at the bottom of the plot. c, OCRs of whole bone marrow 

cells of the indicated genotype at baseline and at different time points following 
treatment with oligomycin A (Oligo A), FCCP, and rotenone plus antimycin A 
(R&A). n = 3 biologically independent samples for each condition. d, Schematic 
diagram showing the design of the in vitro competition assay. Created in 
BioRender. Chan, S. (2025) https://BioRender.com/ks3i0wn. e, Proportion of 
CD45.2+ and CD45.1+ cells in a competition assay between CD45.2+ LK cells of 
the indicated genotype and CD45.1+ Dnmt3a+/+ LK cells after the 1st passage 
(n = 3 biologically independent samples each) and 2nd passage (n = 3 biologically 
independent samples each). In c, e, data are presented as mean values ± SEM. 
Statistical significance was calculated using two-sided Student’s t-test. * P < 0.05, 
** P < 0.01.

http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE27187
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE68833
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE158067
https://BioRender.com/ks3i0wn
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Extended Data Fig. 2 | Dnmt3aR878H/+ HSPCs have increased mitochondrial 
respiration compared with Dnmt3a+/+ cells and are dependent on this 
metabolic reprogramming for their competitive advantage. a, Expression 
of the indicated genes in Dnmt3a+/+ or Dnmt3aR878H/+ LK cells transduced with a 
lentiviral vector expressing a non-targeting shRNA or a shRNA targeting Ndufv1 
(shNdufv1) or Cox15 (shCox15). n = 3 technical replicates for 1 biological sample 
in each condition. b, Number of colony forming units in the second plating from 
Dnmt3a+/+ or Dnmt3aR878H/+ LK HSPCs in the absence or presence of metformin. 
n = 3 biologically independent samples per condition. c, Schematic diagram 
showing the design of the in vivo competitive repopulation experiment. 

Created in BioRender. Chan, S. (2025) https://BioRender.com/wkp2h9m.  
d, Proportion of CD45.2+ vs. CD45.1+ cells in the myeloid (CD11b+), T (CD3+), and 
B (B220+) cell compartments in peripheral blood cells collected from mice after 
4 months of treatment with metformin or vehicle in the experiment shown in 
Fig. 1h. n = 7 biologically independent samples per condition. In a,b, the box 
represents the interquartile range with the median indicated by the line inside 
the box. Whiskers extend to the minimum and maximum values. In d, data  
are presented as mean values ± SEM. Statistical significance was calculated 
using two-sided Student’s t-test for all comparisons. * P < 0.05, ** P < 0.01,  
*** P < 0.001, and **** P < 0.0001.

https://BioRender.com/wkp2h9m
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Extended Data Fig. 3 | Metformin suppresses the competitive advantage  
of Dnmt3aR878H/+ HSCs. a, Gating strategy for the identification of murine 
HSPCs. b, Proportion of CD45.1+ Dnmt3a+/+ cells vs. CD45.2+ Dnmt3aR878H/+ or 
Dnmt3a+/+cells in each immunophenotypically-defined HSPC subset. The bone 
marrow samples were collected from untreated and metformin-treated mice in 
the experiment shown in Fig. 1h after 4 months of treatment. The subsets were 
defined as: HSC (CD150+CD48-LS+K), MPP (CD150-CD48-LS+K), HPC1 (CD150-

CD48+LS+K), HPC2 (CD150+CD48+LS+K), CMP (CD34+CD16/32LoLS-K), GMP (CD34+ 
CD16/32HiLS-K), and MEP (CD34-CD16/32-LS-K). For HSC, MPP, HPC1 and HPC2, 
the number of biologically independent samples in the Dnmt3a+/+ VEH, Dnmt3a+/+ 
MET, Dnmt3aR878H/+ VEH, and Dnmt3aR878H/+ MET groups was 10, 12, 12, and 8, 
respectively. For CMP, GMP, and MEP, the number of biologically independent 

samples in the Dnmt3a+/+ VEH, Dnmt3a+/+ MET, Dnmt3aR878H/+ VEH, and 
Dnmt3aR878H/+ MET groups was 9, 17, 11, and 11, respectively. Data are presented 
as mean values ± SEM. Statistical significance was calculated using two-sided 
Student’s t-test for all comparisons. * P < 0.05, ** P < 0.01. c, Schematic diagram 
showing the design of the non-competitive repopulation experiment in  
which lethally-irradiated recipient mice were transplanted with CD45.2+ 
Dnmt3a+/+ or Dnmt3aR878H/+ whole bone marrow (WBM) cells. Five weeks after 
transplantation, the mice were either left untreated or treated with metformin 
in the drinking water. After 4 weeks of treatment, BM cells were collected and 
used for analysis. Created in BioRender. Chan, S. (2025) https://BioRender.
com/2k9dcho.

https://BioRender.com/2k9dcho
https://BioRender.com/2k9dcho
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Extended Data Fig. 4 | Metformin suppresses OXPHOS in Dnmt3aR878H/+ 
HSPCs. a, Normalized enrichment scores (NES) for the indicated gene set in 
HSPC subsets using scRNA-seq gene expression data and analyzed as pseudobulk 
populations. b, Gene set enrichment plots for the indicated gene set comparing 
Dnmt3aR878H/+ cells versus Dnmt3a+/+ cells and metformin-treated Dnmt3aR878H/+ 
versus vehicle-treated Dnmt3aR878H/+ cells in the HSC fraction using scRNA-seq 
gene expression data and analyzed as pseudobulk populations. c, Basal and 
maximal OCRs in LK HSPCs collected from mice transplanted with WBM cells of 
the indicated genotype and treated with or without metformin for 1 month. 
n = 9 biologically independent samples for each condition. d, Mean fluorescence 
intensity of TMRE staining in LK HSPCs collected from mice transplanted with 
WBM cells of the indicated genotype and treated with or without metformin for 
1 month. n = 3 biologically independent samples for each condition. e, Gene set 

enrichment plots of bulk RNA-seq data comparing metformin-treated 
Dnmt3aR878H/+ LK cells (n = 3 biologically independent samples) versus vehicle-
treated Dnmt3aR878H/+ LK cells (n = 3 biologically independent samples) using 
the indicated self-renewal and stemness-related gene sets. f, Gene set enrichment 
plots of bulk RNA-seq data comparing metformin-treated Dnmt3aR878H/+ LK cells 
(n = 3 biologically independent samples) versus vehicle-treated Dnmt3aR878H/+ 
LK cells (n = 3 biologically independent samples) using the indicated 
mitochondrial OXPHOS-related gene sets. In c, d, the box represents the 
interquartile range with the median indicated by the line inside the box. 
Whiskers extend to the minimum and maximum values. Statistical significance 
was calculated using two-sided Student’s t-test for all comparisons. * P < 0.05,  
** P < 0.01.
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Extended Data Fig. 5 | Metformin suppresses the competitive advantage  
of Dnmt3aR878H/+ HSPCs by enhancing their methylation potential.  
a, Proportion of CD45.2+ and CD45.1+ cells in a competition assay between 
CD45.2+ Dnmt3aR878H/+ LK cells and CD45.1+ Dnmt3a+/+ LK cells in the presence or 
absence of the indicated compounds. n = 2 biologically independent samples 
for each condition. b, Expression of Dnmt3b in Dnmt3a+/+ LK cells transduced 
with a shRNA vector expressing a non-targeting shRNA (shNT) or shDnmt3b. 
n = 3 technical replicates for 1 biological sample in each condition. c, Proportion 
of CD45.2+ and CD45.1+ cells in a competition assay between CD45.2+ 
Dnmt3aR878H/+ LK cells and CD45.1+ Dnmt3a+/+ LK cells in the presence or absence 
of exogenous SAM. Both populations were transduced with the indicated 
shRNA vectors. n = 1 biological sample per condition. The mean value of 5 
technical replicates is shown for each condition. d, Proportion of CD45.2+  
and CD45.1+ cells in a competition assay between CD45.2+ Dnmt3aR878H/+ or 
Dnmt3a+/+ LK cells and CD45.1+ Dnmt3a+/+ LK cells in the presence or absence of 
folic acid supplementation at 100 μM. n = 2 biologically independent samples 
per condition. e, Proportion of CD45.2+ and CD45.1+ cells in a competition assay 
between CD45.2+ Dnmt3aR878H/+ LK cells and CD45.1+ Dnmt3a+/+ LK cells in the 
presence or absence of the indicated compounds. n = 3 biologically independent 

samples for each condition. f, Proportion of CD45.2+ and CD45.1+ cells in a 
competition assay between CD45.2+ Dnmt3aR878H/+ LK cells and CD45.1+ 
Dnmt3a+/+ LK cells in the presence or absence of the indicated compounds.  
n = 3 biologically independent samples for each condition. g, Proportion of 
CD45.2+ and CD45.1+ cells in a competition assay between CD45.2+ Dnmt3aR878H/+ 
LK cells and CD45.1+ Dnmt3a+/+ LK cells in the presence or absence of the 
indicated compounds. n = 3 biologically independent samples per condition. 
h, Expression of Shmt2 in Dnmt3a+/+ LK cells transduced with an empty shRNA 
vector control (shEV) or a shRNA vector expressing shShmt2. n = 5 technical 
replicates for 1 biological sample in each condition. i, Proportion of CD45.2+ 
and CD45.1+ cells in a competition assay between CD45.2+ Dnmt3aR878H/+ LK cells 
and CD45.1+ Dnmt3a+/+ LK cells in the presence or absence of metformin.  
Both populations were transduced with the indicated shRNA vectors.  
n = 3 biologically independent samples per condition. In a, c, d, the bar blot 
represents the mean value. In b, h, the box represents the interquartile range 
with the median indicated by the line inside the box. Whiskers extend to the 
minimum and maximum values. In e, f, g, i, data are presented as mean 
values ± SEM. Statistical significance was calculated using two-sided Student’s 
t-test for all comparisons. * P < 0.05, ** P < 0.01, and **** P < 0.0001.
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Extended Data Fig. 6 | Metformin reverses the aberrant DNA CpG methylation 
and H3K27me3 profiles in Dnmt3aR878H/+ HSPCs. a, Knockout score for Dnmt3a 
in Dnmt3aR878H/+ or Dnmt3a+/+ LK cells as determined by Inference of CRISPR Edits 
(ICE) analysis 4 days after nucleofection with CRISPR/Cas9 ribonucleoprotein 
(RNP) complexes targeting the Dnmt3a gene. b, Proportion of CD45.2+ and 
CD45.1+ cells in a competition assay between CD45.2+ LK cells of the indicated 
genotype and CD45.1+ Dnmt3a+/+ LK cells in the presence or absence of metformin. 
The CD45.2+ LK cells were nucleofected with Cas9 alone (-) or with RNPs targeting 
Dnmt3a (+) prior to mixing and plating. The competing CD45.1+ LK cells were 
nucleofected with Cas9 alone prior to plating. n = 3 biologically independent 
samples for each condition. c, Venn diagram showing the overlap of DMRs 
between untreated Dnmt3aR878H/+ samples versus untreated Dnmt3a+/+ samples 
and between metformin-treated Dnmt3aR878H/+ samples versus untreated 

Dnmt3aR878H/+ samples. d, Average methylation levels of DMRs in LK cells of  
the indicated genotype and treated with or without metformin for 1 month. 
DMRs were restricted to the ones that were hypomethylated in vehicle-treated 
Dnmt3aR878H/+ samples relative to Dnmt3aR878H/+ samples. Each dot represents 
the average value of the DMRs in one sample. n = 3 biologically independent 
samples for untreated Dnmt3a+/+ samples and metformin-treated Dnmt3aR878H/+ 
samples. n = 4 biologically independent samples for metformin-treated 
Dnmt3a+/+ samples and untreated Dnmt3aR878H/+ samples. In d, the box represents 
the interquartile range with the median indicated by the line inside the box. 
Whiskers extend to the minimum and maximum values. In b, data are presented 
as mean values ± SEM. Statistical significance was calculated using two-sided 
Student’s t-test for all comparisons. * P < 0.05, ** P < 0.01, and **** P < 0.0001.



Extended Data Fig. 7 | Dnmt3aR878H mutation decreases promoter 
methylation and increases expression of genes involved in mitochondrial 
respiration. a, Normalized enrichment scores (NES) for the indicated gene 
sets from GSEA using genes ranked by differential promoter methylation or 
gene expression in the comparison between vehicle-treated Dnmt3aR878H/+  
cells versus vehicle-treated Dnmt3a+/+ cells and between metformin treated 
Dnmt3aR878H/+ cells versus vehicle-treated Dnmt3aR878H/+ cells. b, Normalized 

enrichment scores (NES) for the indicated gene sets from GSEA using genes 
ranked by differential promoter methylation or gene expression in the 
comparison between DNMT3AR882-mutated versus DNMT3AWT HSPCs as 
pseudobulk populations in the GSE158067 dataset. GSEA was performed using 
all Gene Ontology (GO) gene sets. The top 10 enriched GO gene sets ranked 
based on NES from gene expression are shown. The ones shown in green color 
are related to mitochondrial respiration.

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE158067
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Extended Data Fig. 8 | Metformin decreases the competitive advantage of 
human DNMT3AR882H HSPCs. a, Expression of DNMT3A mRNA in human CD34+ 
enriched HSPCs transduced with a lentiviral vector expressing a non-targeting 
shRNA (shNT) or DNMT3A shRNA. n = 3 technical replicates for 1 biological 
sample in each condition. b, Intracellular flow cytometry staining for DNMT3A 
protein in human CD34+ enriched HSPCs transduced with a lentiviral vector 
expressing a non-targeting shRNA (shNT) or DNMT3A shRNA. The histogram 
depicting isotype control antibody staining represents cells expressing the 
non-targeting shRNA (shNT). c, Proportion of BFP+ and GFP+ cells in a competition 
assay between BFP+ HSPCs expressing shNT or shDNMT3A and GFP+ HSPCs 
expressing shNT in the absence or presence of metformin at 50 μM. 

Analysis was gated on the CD34+ cells in the left panel and CD34- cells in the 
right panel. n = 2 biologically independent samples for each condition.  
d, Concentration SAM and SAH in human HSPCs expressing the indicated 
shRNA and treated with or without metformin. n = 3 biologically independent 
samples for each condition. e, Representative Sanger sequencing chromatogram 
of the sequences surrounding the DNMT3A p.R882H (c.2645 G > A) missense 
mutation in a prime-edited HSPC cell pool. In a, d, the box represents the 
interquartile range with the median indicated by the line inside the box. Whiskers 
extend to the minimum and maximum values. In c, bar plots represent mean 
values. Statistical significance was calculated using two-sided Student’s t-test 
for all comparisons. *** P < 0.001.
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