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Microenvironment remodelling impacts tumour growth and metastasis,
but whether remodelling promotes pre-malignant clonal fitness remains
unknown. Here, using single-cell RNA-sequencing of the bone-marrow
microenvironment in amouse model of DNMT3A-mutant clonal
haematopoiesis (CH), we identify mesenchymal stromal cells (MSCs)
inamolecular state of cellular senescence. Elevated bone-marrow MSC
senescence is also observed in humans with CH driven by several common
somatic mutations. MSC senescence is induced by mutant haematopoietic
cellsinacontact-independent manner through production of soluble
factorsincluding TNF-a and IL-6. These cytokines activate a Stat3-driven
pathway that is necessary and sufficient for MSC senescence induction.
Genetic or pharmacological depletion of senescent non-haematopoietic
cellsreduces the burden of CH and delays progression to myeloid
neoplasia. Our findings show that microenvironment remodelling modifies
pre-malignant clonal fitness and identifies disruption of the crosstalk
between pre-malignant cells and their niche as a cancer prevention strategy.

Through the course of a lifetime, tissues evolve by an iterative process
of geneticdiversification, clonalselection, and clonal expansion within
the adaptive context of tissue environments'. This plasticity provides
resilience of multicellular tissues to the perturbations and stress that
impair their function but also serves as the foundation for potential
cancer clonal evolution and malignant transformation if not tightly
regulated. In the haematopoietic system, ageing is associated with a
functional decline of haematopoietic stem cells (HSCs)* Around 20% of
agedindividuals will develop clonal haematopoiesis (CH)?,inwhich HSCs

carrying adaptive somatic mutations are positively selectedinthebone
marrow (BM) microenvironment. CH is anon-malignant clonal state and
can provide beneficial effects to functional T-cell immunity in ageing®;
however, several of the adaptive somatic mutations underlying CH are
foundin clones thatevolve intoblood cancers’. CH canalso infiltrate and
remodel the solid tumour immune microenvironment, increasing the
risk of disease recurrence or death among patients with solid tumours®’.

In blood cancers, the BM microenvironment undergoes pro-
found remodelling, with non-haematopoietic cells reprogrammed
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to sustain malignant growth®™. Whether similar microenviron-
mental alterations emerge during the earliest phases of clonal
selection in CH has remained an unresolved question with major
implications for understanding malignant evolution. In this Article
we model a somatic mutation in the gene DNA methyltransferase
3A (DNMT3A) that is frequently observed in CH and acute myeloid
leukaemia (AML)" to understand the impact of CH on the BM micro-
environment. Dnmt3a-mutant haematopoiesis caused transcrip-
tionalremodelling of non-haematopoietic cells, includinginduction
of senescence in mesenchymal stromal cells (MSCs). Senescence
induction occurredina cell type-dependent manner mediated by the
cytokines tumour-necrosis factor-alpha (TNF-a) and interleukin-6
(IL-6) produced from Dnmt3a-mutant haematopoietic cells. We find
that MSC senescence induced by Dnmt3a-mutant haematopoiesis
promotes the selective advantage of mutant HSCs over their wild-type
counterparts and promotes progression to myeloid malignancy.
Furthermore, MSC senescence is broadly observed in human CH,
supporting the translational relevance of our observations.

Results

Dnmt3a-mutant haematopoiesis induces molecular
senescence in MSCs

To determine the impact of Dnmt3a-mutant haematopoiesis on
wild-type non-haematopoietic cells of the BM microenviron-
ment, we utilized a Cre-inducible Dnmt3a®¥*"* mouse model”
(Extended Data Fig. 1a). This model expresses a specific mutation
(R878H) in the Dnmt3a gene that mirrors the common somatic
DNMT3A-R882H mutation found inhuman CH and AML" and promotes
the selective advantage of HSCs". We transplanted BM haematopoietic
cells from Dnmt3a®®"* Fgd5 CreER LSL-tdTomato or control mice,
expressing the CD45.2 isoform of the pan-haematopoietic marker CD45,
into wild-type CD45.1" recipient mice. At 12 weeks post-transplant, we
harvested BM and performed single-cell RNA-sequencing (scRNA-seq)
on enriched haematopoietic and non-haematopoietic cell fractions
using established protocols” (n = 4 biological replicates per condi-
tion) (Fig. 1a). As expected, Dnmt3a-mutant HSCs were expanded
relative to control HSCs (Extended Data Fig. 1b). A total of 61,105
cells were sequenced, identifying 25 clusters of haematopoietic and
non-haematopoietic cell types (Fig. 1b, Extended Data Fig. 1c and
Supplementary Table 1). These data captured hallmark features of
Dnmt3a-mutant haematopoiesis™', including increased frequencies
of HSCs/multipotent progenitor cells (MPPs) (Extended Data Fig. 1d)
and altered expression of metabolism, development and immune

system-related signatures (Extended Data Fig. 1e). The Dnmt3a®*®"

transcript was detected in only ~-10% of haematopoietic stemand pro-
genitor cells (HSPCs) (Extended Data Fig. 1f) due to the relatively low
recombination efficiency of Fgd5-CreERY, modelling typical variant
allele frequencies (VAFs) of DNMT3A mutations in human CH™.

Usingthese data, we examined the effects of Dnmt3a-mutant haema-
topoiesis onthe wild-type non-haematopoietic BM microenvironment.
We observed no differences in the frequencies of non-haematopoietic
cell clusters, including MSCs, osteoblasts and subsets of endothelial
cells (ECs) (Extended Data Fig. 1d). Differential expression analyses
revealed that MSCs had the greatest number of DEGs from mice with
Dnmt3a-mutant versus control haematopoiesis (Fig. 1c). To identify
biological programsactivatedinthis context, we performed Gene Ontol-
ogy (GO) enrichment analysis on genes significantly upregulated in
each non-haematopoietic cell type (FDR < 0.05, log,FC > 0). Upreg-
ulated genes in MSCs in mice with Dnmt3a-mutant haematopoiesis
were uniquely enriched in signatures of senescence, cell cycling, oxi-
dative stress, extracellular matrix, inflammation, and DNA damage
and repair, with these senescence-relevant categories absent from or
markedly less prominentin osteoblasts and ECs (Fig. 1d; all significantly
enriched GO terms across non-haematopoietic cell types (n=3,227 at
FDR < 0.05) are shownin Extended DataFig.1g). To further characterize
the senescence-associated transcriptional response, we applied curated
gene set enrichment analysis (GSEA) to the ranked list of upregulated
MSC genes and observed significant enrichment of p53 targets, senes-
cence, reactive oxygen species (ROS) and the senescence-associated
secretory phenotype (SASP) (Fig.1e and Supplementary Table 2). Using
an established set of 77 genes upregulated during cellular senescence
(FRIDMAN_SENESCENCE_UP)"®, we calculated their average expression as
acomposite senescence ‘score’. This senescence score was significantly
elevated in MSCs from mice with Dnmt3a-mutant haematopoiesis rela-
tive to controls (Fig. 1f and Supplementary Table 2) and included the
key senescence-associated genes Cdknla(p21), Cdkn2a (p16), TpS3and
Mmp14 (Extended Data Fig. 1h). Thus, Dnmt3a-mutant haematopoiesis
is associated with molecular signatures of senescence in BM MSCs.

We next examined whether the same senescence-associated pro-
grams are evident in human MSCs in the context of CHIP (clonal hae-
matopoiesis of indeterminate potential). We performed scRNA-seq
on BM mononuclear cells from individuals undergoing elective
hip replacement, including CHIP carriers harbouring mutations in
DNMT3A, TET2, ASXLI and/or CCARI with VAF > 0.02 and non-carrier
controls (Supplementary Table 3). The MSC population was defined
using established markers (PDGFRA, CXCL12, RUNX2, GHR, CDHII and

Fig.1| Dnmt3a-mutant haematopoiesis is associated with transcriptional
signatures of senescence in MSCs. a, Left: schematic of scRNA-seq experimental
design (n =4 biological replicate mice per condition). Right: representative
flow cytometry gating for isolation of cell populations and cell ratios sorted
from mice with Dnmt3a®#"* or control haematopoiesis. b, t-SNE plots

showing 25 annotated cell clusters. B, B cell; cycling, cycling progenitor cell;

DC, dendritic cell; EC-arteriolar, arteriolar endothelial cell; EC-sinusoidal,
sinusoidal endothelial cell; Ery, erythroblast; EryPro, erythroid progenitor cell;
GMP, granulocyte-macrophage progenitor cell; HSC/MPP, haematopoietic
stem and multipotent progenitor cells; ImmNeut, immature neutrophil;

Mac, macrophage; MEoBasoPro, mast-eosinophil-basophil progenitor cell;
MEP, megakaryocyte-erythroid progenitor cell; Mono, monocyte; Mono/DC,
monocyte and dendritic cell; MonoPro, monocyte progenitor cell; MPPM,
granulocyte-macrophage-primed multipotent progenitor cell; MPPY,
lymphoid-primed multipotent progenitor cell; MSC, mesenchymal stromal cell;
Neut, neutrophil; NeutPro, neutrophil progenitor cell; NK/T, natural killer and

T cell; Osteo, osteoblast; PreB, pre-B cell; ProB, pro-B cell. ¢, Number of DEGs
(FDR < 0.05, log,(fold change (FC)) > 0) in non-haematopoietic cells from mice
with Dnmt3a®¥*"* versus control haematopoiesis (1 = 4 biological replicate mice
per condition). d, Bubble matrix showing GO term enrichment in significantly
upregulated genes (FDR < 0.05, log,FC > 0) from non-haematopoietic cell
populations in mice with Dnmt3a®’*""* versus control haematopoiesis. Bubble

sizeindicates the number of enriched GO terms per biological category; bubble
colourindicates the maximum GO term enrichment score within each category.
Senescence-relevant biological categories are indicated in purple. ‘MSC only’
denotes categories with enriched terms exclusively in MSCs. All GO terms
shownare FDR < 0.05 (n = 4 biological replicate mice per condition). e, NES for
senescence-associated gene sets enriched among upregulated DEGs in MSCs
from mice with Dnmt3a®’*"* versus control haematopoiesis. All bars shown

are FDR < 0.05 (n =4 biological replicate mice per condition). f, Composite
senescence score computed using the FRIDMAN_SENESCENCE_UP gene set

(77 genes) in MSCs from mice with Dnmt3a*¥*"* versus control haematopoiesis.
Violin plots show the distribution of per-cell scores across all cells from each
condition; lines indicate the mean. Pvalue determined by two-tailed Mann-
Whitney test comparing per-cell scores (n = 4 biological replicate mice per
condition). g, Composite senescence score computed using the FRIDMAN_
SENESCENCE_UP gene set in human MSCs from CHIP carriers versus non-carriers.
Individual points represent per-donor scores; bars indicate mean +s.e.m. Pvalue
determined by two-tailed Mann-Whitney test comparing per-donor mean cell
scores (n=7non-carrier individuals, n = 6 CHIP carrier individuals). h, Gene-set
z-scores for SASP,iMSC unique and IFN-y signatures from human MSCs of CHIP
carriers versus non-carriers. Individual samples are shown with means. Pvalues
determined by unpaired, two-tailed ¢ test (n = 7 non-carrier individuals,n=6
CHIP carrier individuals). Non-significant Pvalues (P> 0.05) are not shown.
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APOE) consistent with prior single-cell analysis of human BM". We
calculated a composite senescence score using the same gene set of
77 genes described above and observed that this was significantly

elevatedin MSCs from CHIP carriers compared to non-carriers (Fig. 1g

and Supplementary Table 2) including increased expression of CDKN2A
(p16) and MMP14 (Extended Data Fig. 1i). Thus, MSCs in individuals

with CHIP driven by a variety of somatic mutations exhibit similar
transcriptional signatures of senescence and SASP, demonstrating a
conserved MSC senescence program across species in CH.

Recent reports describe an inflammatory signalling axis from

immune cells to stromal cells in the BM that drives clonal evolution
in CHIP and myelodysplastic syndrome (MDS)**”. Given the overlap
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betweeninflammatory factors and SASP, we used our scRNA-seq datato
assess whether MSCsin CH/CHIP were in astate of inflammation rather
than senescence. Pre-ranked GSEA of differentially expressed genes
(DEGs) in mouse MSCs revealed that whereas the SASP signature was
significantly enriched in mice with Dnmt3a-mutant haematopoiesis (nor-
malized enrichment score (NES) = +1.96, FDR = 0.004), four independ-
ent inflammatory signatures including an inflammatory MSC (iMSC)
signature®” and hallmark inflammatory response, interferon-alpha
(IFN-a0) response and IFN-y response gene sets were all significantly
depleted (NESrange-1.99t0-3.10,FDR < 0.007) (Extended Data Fig. 1j).
Examination of the leading-edge genes driving these results confirmed
that the SASP signal was driven by canonical SASP effectors includ-
ing Angptl4, Cxcl5, Mmp2, Hgf, Mif and Vegfc, with no overlap with the
genesresponsible for negative enrichment ofinflammatory signatures
(Extended Data Fig. 1k). Key markers of inflammatory MSC identity,
including Irf7 and Ly6e****, were among the leading-edge genes most
strongly depleted in Dnmt3a-mutant haematopoiesis. To validate this
dissociation in MSCs in human CHIP, we computed per-sample gene
set z-scores for the SASP, iMSC and IFN-y signatures. The SASP score
was significantly elevated in MSCs from humans with CHIP relative to
non-carriers (mean z-score +0.2019 versus —0.1731, P= 0.0174), whereas
neither the iMSC score (P=0.0661) nor the IFN-y score (P=0.2353) sig-
nificantly differed between groups (Fig. 1h). Together, these findings
demonstrate that enrichment of senescence and SASP programsin MSCs
occursinthe absence of stronginflammatory transcriptional activation,
supporting a model of paracrine senescence in the BM microenviron-
ment rather than aninflammatory stromal response.

Dnmt3a-mutant haematopoiesis induces cellular senescence
inMSCs

There is no single definitive marker for senescence, and analysis of
cellular senescence requires acombination of approaches, asrecently
reinforced by the SenNet Biomarkers Working Group®. We developed

amulti-parameter framework toidentify MSC senescence integrating
senescence-associated -galactosidase (SA-f3-gal) activity, B-cell lym-
phoma (BCL)-xL/BCL-2 co-positivity, cellmorphological changesand, in
selected experiments, senescence-associated gene expression and p16
reporter activity as orthogonal measures (Extended Data Fig. 2), and
validated this approachin established senescence models of ageing and
irradiation (Extended DataFig.3). We note that each marker captures a
distinct feature of the senescence program. SA-f3-gal reflectsincreased
lysosomal activity, BCL-xL/BCL-2 co-positivity marks the anti-apoptotic
state characteristic of senescent cells****, and p16 expression identifies
canonical CDK inhibitor-driven senescence. Therefore, the absolute
frequency of marked cells differs between assays. Our conclusions
accordingly rely on the directional consistency of enrichment across
these orthogonal markers rather than on any single absolute estimate.
Using this framework, we evaluated senescence in non-haematopoietic
cellsinthe BM microenvironmentin mice with Dnmt3a-mutant or con-
trol haematopoiesis. Steady-state Dnmt3a"s®"* Mx-Cre mice (Fig. 2a)
showed no changein frequency of CD51* PDGFRa* LepR* MSCs (Fig. 2b;
the gating strategy is shown in Extended Data Fig. 2b), but a greater
proportion of these MSCs expressed cellular markers of senescence
(approximately threefold increase in SA-B-gal" BCL-xL" BCL-2" versus
control haematopoiesis) (Fig. 2c,d and Extended Data Fig. 4a-d) and
had increased expression of Cdknla, Cdkn2a and Trp53 (Fig. 2e).In
contrast, no changes were observed in ECs isolated from the same
mice (Extended Data Fig. 4e-h), demonstrating cell context speci-
ficity of the senescence phenotype. We also evaluated steady-state
Dnmt3a®®®"* Fgd5-CreER mice and observed a greater proportion of
MSCs expressing cellular markers of senescence and no difference in
ECs from the same mice (Extended Data Fig. 4i-o0). Thus, induction
of Dnmt3a-mutant haematopoiesis using two complementary Cre
recombinase models results in MSC senescence.

A caveat of these models is that Cre is expressed in non-hae-
matopoietic tissues, causing mutant Dnmt3a expression outside of

Fig.2| Dnmt3a-mutant haematopoiesis induces MSC senescence in vivo.

a, Schematic of the steady-state experimental design using Dnmt3a®*"* Mx-Cre
and control Mx-Cre mice, evaluated >5 weeks after Mx-Cre induction using
poly(I:C). b, Frequency of MSCs (CD45 Ter119-CD31 CD51' PDGFRa* LepR*)

in control and Dnmt3a®¥*"* mice (n = 4 control, n = 5 Dnmt3a**"*"* biological
replicate mice). Not significant (P> 0.05) by two-tailed Mann-Whitney test.

¢, Representative histogram (left) and MFI (right) of SA-B-gal in MSCs from
control and Dnmt3a®**"* mice. Pvalue determined by two-tailed Mann-Whitney
test (n =4 control, n=5Dnmt3a"¥*"* biological replicate mice). d, Frequency
of senescent (SA-B-gal™ Bcl-xL* Bcl-2*) MSCs in control and Dnmt3a®7*"* mice.
Pvalue determined by two-tailed Mann-Whitney test (n = 4 control,n=5
Dnmt3a*¥"*"* biological replicate mice). e, Relative expression of Cdknla,
Cdkn2a and Trp53in MSCs from control and Dnmt3a®*’*"* mice normalized

to Hprt expression. Pvalues determined by unpaired, two-tailed ¢t tests (n =6
control, n=5Dnmt3a*"*"* biological replicate mice). f, Schematic of the
busulfan-conditioned transplant experimental design using Dnmt3a®s"*
Fgd5 CreER and control Fgd5-CreER donor mice. Transplant was performed

>5 weeks after Fgd5-CreER induction using tamoxifen. g, Representative
histogram (left) and MFI (right) of SA-B-gal in MSCs from control and
Dnmt3a®*"*"* recipient mice at 12 weeks post-transplant. Pvalue determined
by unpaired, two-tailed ¢ test (n = 7 biological replicate mice per condition).

h, Frequency of senescent MSCs in control and Dnmt3a"**"* recipient mice
at12 weeks post-transplant. Pvalue determined by two-tailed Mann-Whitney
test (n =7 biological replicate mice per condition). i, Representative histogram
(left) and MFI (right) of SA-B-gal in ECs (CD45 Ter119~ CD31") from control

and Dnmt3a®*"*"* recipient mice at 12 weeks post-transplant. Not significant
(P>0.05) by two-tailed Mann-Whitney test (n = 7 biological replicate mice per
condition).j, Frequency of senescent ECs in control and Dnmt3a"*"*"* recipient
mice at 12 weeks post-transplant. Not significant (P> 0.05) by two-tailed Mann-
Whitney test (n = 7 biological replicate mice per condition). k, Schematic of
the busulfan-conditioned transplant experimental design using Dnmt3a®¥’s"*
Mx-Cre or control Mx-Cre donor mice. Transplant was performed >5 weeks

after poly(I:C) treatment of donor mice. I, Representative histogram (left) and
MFI (right) of SA-B-gal in MSCs from control and Dnmt3a®¥*"* recipient mice
at12 weeks post-transplant. Pvalue determined by two-tailed Mann-Whitney
test (n =10 biological replicate recipient mice per condition). m, Frequency

of senescent MSCs from control and Dnmt3a®¥*"* recipient mice at 12 weeks
post-transplant. Pvalue determined by two-tailed Mann-Whitney test (n =10
control, n=9 Dnmt3a"*"*"* biological replicate mice). (n, Representative
histogram (left) and MFI (right) of SA-B-gal in ECs from control and Dnmt3a®*$"V*
recipient mice at 12 weeks post-transplant. Not significant (P> 0.05) by
two-tailed Mann-Whitney test (n =10 biological replicate recipient mice per
condition). o, Frequency of senescent ECs from control and Dnmt3a®*"*
recipient mice at 12 weeks post-transplant. Not significant (P> 0.05) by
two-tailed Mann-Whitney test (n =10 control, n =9 Dnmt3a*’*"* biological
replicate mice). p, Schematic of the non-conditioned transplant experimental
design using Dnmt3a**"*"* Mx-Cre and control Mx-Cre donor mice. Transplant
was performed >5 weeks after poly(I:C) treatment of donor mice. q, Frequency of
donor (CD45.2*) control and Dnmt3a®*’®"'* haematopoietic cells in the peripheral
blood (PB) of recipient mice over time. Pvalues determined by two-way analysis
of variance (ANOVA) with Sidak’s multiple comparisons test (n = 8 biological
replicate recipient mice per condition). Non-significant P values (P> 0.05) not
shown.r, Representative histogram (left) and MFI (right) of SA-B-gal in MSCs
from Dnmt3a***"* (16 months (mo)), control (16 mo) or old control (27 mo) mice.
Pvalues determined by Kruskal-Wallis test with Dunn’s multiple comparisons
(n=8 control, n =8 Dnmt3a***"* mice, n = 6 old control biological replicate mice
per condition). s, Representative histogram (left) and MFI (right) of SA-B-galin
ECs from Dnmt3a*®"* (16 mo), control (16 mo) or old control (27 mo) mice. Not
significant (P> 0.05) by Kruskal-Wallis test with Dunn’s multiple comparisons
(n=8control, n=8 Dnmt3a**"* mice, n = 6 old control biological replicate mice
per condition). Dots represent individual biological replicate mice. Inbox plots,
the box represents the interquartile range, the median is indicated by the line
inside the box, and whiskers extend to the minimum and maximum values.
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the haematopoietic system. To address this, we restricted Dnmt3a-
mutant allele expression to the haematopoietic system by BM trans-
plantinto wild-type mice. We transplanted Dnmt3a®**"* Fgd5-CreER
or control BM into wild-type recipient mice (Fig. 2f). We observed
that mice with Dnmt3a-mutant haematopoiesis had agreater propor-
tion of MSCs expressing senescence markers compared to control
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in ECs (Fig. 2g-j and Extended Data Fig. 4p-r). In parallel, we trans-
*Mx-Cre or control BM into wild-type recipient
mice (Fig. 2k). We observed that mice with Dnmt3a-mutant haema-
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ECs (Fig. 21-0 and Extended Data Fig. 4s-u). Thus, Dnmt3a-mutant
haematopoietic cells induce robust markers of cellular senescence
inwild-type MSCs and not ECs in vivo.

The myeloablative conditioning used in our BM transplant experi-
ments caninduce senescence in non-haematopoietic cells?**°, which
may contribute to the phenotypes we observe. To evaluate MSC
senescenceinanindependent experimental system, we transplanted
Dnmt3a®¥*"* Mx-Cre or control BM cells into wild-type recipient
mice in the absence of conditioning (Fig. 2p). This resulted in a low
level of donor-derived haematopoiesis (0.2-0.5%) in the peripheral
blood at 4 weeks post-transplant, and over the subsequent 60 weeks,
Dnmt3a-mutant haematopoietic cellsincreased their contribution up
to ~2%, significantly higher than control haematopoietic cells (Fig. 2q).
At 60 weeks post-transplant, Dnmt3a-mutant haematopoietic cells
had a greater contribution to BM haematopoiesis including HSCs
(Extended Data Fig. 4v-y). Mice with Dnmt3a-mutant haematopoiesis
had a greater proportion of senescent MSCs compared to control
haematopoiesis (-1.2-fold increase) (Fig. 2r), representing an inter-
mediate level of MSC senescence compared to old (27 mo) wild-type
mice, and with no change in ECs (Fig. 2s). Across our experimental
models, the enrichment of senescence-associated MSCs in the context
of Dnmt3a-mutant haematopoiesis represents amodest quantitative
change, the magnitude of which varies by model and marker. These
data demonstrate that Dnmt3a-mutant haematopoietic cells induce
senescence in wild-type MSCs in vivo, even when present at low lev-
els that are physiologically relevant to the clonal burden observed
in human CHIP. The functional consequences of this enrichment
are assessed directly in the perturbation experiments described in
the following.

Our molecular analysis of primary human samples suggested that
MSC senescence canbe driven by a variety of CHIP somatic mutations.
Totest whether thisis truein mice, we evaluated a mouse model of TET2-
mutant CH”. In steady-state Tet2*° Scl-CreER mice we observed agreater
proportion of senescent MSCs compared to control (approximately
twofold increase) with no changes in ECs (Extended Data Fig. Sa-g).
Takentogether, MSC senescence is observed inthe context of multiple
CH/CHIP driver mutations in mice and humans.

MSC senescence is induced by soluble factors derived from
Dnmt3a-mutant haematopoietic cells

Our next goal was to determine the mechanisms by which MSC
senescence is induced by Dnmt3a-mutant haematopoiesis. First, we
tested whether senescence of wild-type MSCs or ECs can be induced
by Dnmt3a-mutant haematopoietic cells ex vivo. Primary MSCs from
wild-type mice or a mouse BM endothelial cell line (BMEC)** were
co-cultured with Dnmt3a**"* Mx-Cre or control HSPCs (Fig. 3a). MSCs
co-cultured with Dnmt3a-mutant haematopoietic cells had higher lev-
els of the senescence marker SA-3-gal (Fig. 3b) and increased expression
of Cdknlaand Cdkn2a (Fig.3c).In contrast, SA-B-gal was notinduced in
BMECs (Fig. 3d). Cell counts of MSCs, BMECs and haematopoietic cells
attheend ofthe culture were similar between conditions, supporting
that differential confluency does not drive senescence phenotypesin
these experiments (Extended Data Fig. 6a-c)

We then asked whether primary human DNMT3A-mutant HSPCs
induce molecular senescence in primary human wild-type MSCs. We
co-cultured MSCs fromyoung donors with CD34" HSPCsisolated from
older individuals with DNMT3A-mutant CHIP or age- and sex-matched
individuals without CHIP and performed bulk RNA-seq onthe MSC frac-
tion (Fig. 3e and Supplementary Table 3). We find that MSCs cultured
with CHIP HSPCs were enriched for a robust molecular signature of
cellular senescence (SEN_MAYO)* (Fig. 3fand Supplementary Table 2),
and using the same 77 gene set described in Fig. 1, we observe that the
senescencescoreis significantly elevated in MSCs cultured with CHIP
compared to control HSPCs (Fig. 3g and Supplementary Table 2). Fur-
ther assessing senescence at the protein level, we observed that MSCs
cultured with CHIP HSPCs had higher levels of SA-B-gal compared to
control HSPCs (Fig. 3h,i). Together, DNMT3A-mutant haematopoiesis
is sufficient to induce MSC senescence in primary mouse and human
cellsex vivo.

To narrow down potential mechanisms of MSC senescence
induction, we next asked whether cell contact between mouse
Dnmt3a-mutant haematopoietic cells and wild-type MSCsis required.
Using transwell dishes that physically separate HSPCs and MSCs but
allowsecreted moleculesto diffuse (Extended DataFig. 6d), we observed
that wild-type MSCs co-cultured with Dnmt3a-mutant haematopoietic

Fig. 3| Cytokines secreted by Dnmt3a-mutant haematopoietic cells are
sufficient to induce MSC senescence ex vivo. a, Schematic of the co-culture
experimental design of HSPCs with MSCs or BMECs. HSPCs were isolated

>5 weeks after Mx-Cre induction using poly(I:C) from control or Dnmt3a®¥s"*
mice. b, Representative histogram (left) and MFI (right) of SA-B-gal in MSCs
(CD45™ CD31" CD51' PDGFRa") after co-culture with control or Dnmt3a®s7s%*
HSPCs. Pvalue determined by unpaired, two-tailed ¢ test (n = 7 biological
replicates per condition). ¢, Relative expression of Cdknla (left) and Cdkn2a
(right) in MSCs after co-culture with control or Dnmt3a®’*"* HSPCs normalized
to Hprt expression. Pvalues determined by unpaired, two-tailed ¢ tests (n=5
biological replicates per condition). d, Representative histogram (left) and

MFI (right) of SA-B-gal in BMECs after co-culture with control or Dnmt3a®¥7s"*
HSPCs. Not significant (P> 0.05) by unpaired, two-tailed ¢ test (n = 8 biological
replicates per condition). e, Schematic of the co-culture experimental design
using human CD34" HSPCs from individuals with DNMT3A-mutant CHIP or
without CHIP cultured with wild-type primary human MSCs for 48 h followed
by bulk RNA-seq. f, GSEA of the SEN_MAYO senescence signature® in MSCs
after co-culture with non-CHIP or DNMT3A-mutant CHIP HSPCs. g, Composite
senescence score computed using the FRIDMAN_SENESCENCE_UP gene set (77
genes) in MSCs after co-culture with non-CHIP or DNMT3A-mutant CHIP HSPCs.
Pvalue determined by two-tailed Mann-Whitney test (n = 4 biological replicate
donorsinnon-CHIP cultures, n = 8 biological replicate donors in DNMT3A-CHIP
cultures). h, Schematic of the co-culture experimental design using human
CD34" HSPCs from individuals with DNMT3A-mutant CHIP or without CHIP
cultured with wild-type primary human MSCs for six days followed by MSC
analysis. i, Representative histogram (left) and MFI (right) of SA-B-gal in primary
human MSCs after co-culture with primary human HSPCs from non-CHIP or
DNMT3A-mutant CHIP. Pvalue determined by two-tailed Mann-Whitney test

(n=12biological replicates per condition). j, Schematic of the conditioned
media (CM) experimental design with HSPCs isolated >5 weeks after Mx-Cre
induction using poly(I:C). k1, Representative images (k) and quantitation

(I) of MSCs with SA-B-gal staining after co-culture with CM from control or
Dnmt3a®®*"* HSPCs. Pvalues determined by one-way ANOVA with Tukey’s
multiple comparisons test (n = 6 no CM, n =3 control CM, n =3 Dnmt3a""V*
CMbiological replicates). m, Representative histogram (left) and MFI (right) of
SA-B-galin MSCs (CD45™ CD31” CD51' PDGFRa") after co-culture with CM from
control or Dnmt3a*#"* HSPCs. Pvalue determined by unpaired, two-tailed
ttest (n =12 biological replicates per condition). n, Relative expression of
Cdknlain MSCs after co-culture with control or Dnmt3a"¥*"* HSPC CM. Pvalue
determined by unpaired, two-tailed t test (n = 11 control CM, n = 10 Dnmt3a"8"+
CMbiological replicates). 0, log,FC in concentration of secreted factorsin
control or Dnmt3a*¥*"* HSPC CM. Pvalues determined by multiple two-tailed,
unpaired t tests (n = 4 biological replicates per condition). Non-significant
Pvalues (P> 0.05) not shown. p, Representative histogram (left) and MFI (right)
of SA-B-galin MSCs (CD45  CD31” CD51' PDGFRa*) after seven-day co-culture
withrecombinantIL-1a, IL-1B, IL-6, TNF-a or vehicle. P values determined by
Brown-Forsythe and Welch ANOVA with Dunnett’s multiple comparisons test
(n=20vehicle,n=121L-1a,n =121L-1B, n =12 TNF-a (1ng mI™"), n =12 TNF-a
(5ng ml™) and n = 81L-6 biological replicates). q, Representative histogram (left)
and MFI (right) of SA-B-gal in human MSCs after co-culture with recombinant
humanIL-6, TNF-a or vehicle. Pvalues determined by ratio-paired, two-tailed
ttest (n=5biological replicates per condition). Non-significant Pvalues
(P>0.05) not shown. Dots represent individual biological replicate mice or
human samples. Bar graphs show mean +s.e.m. Inbox plots, the box represents
theinterquartile range, the medianisindicated by the line inside the box, and
whiskers extend to the minimum and maximum values.
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cells had increased levels of SA--gal (Extended Data Fig. 6e) and
Cdknla expression (Extended Data Fig. 6f) compared to controls. In
a complementary approach, we collected conditioned media (CM)
from Dnmt3a-mutant or control HSPCs and added this CM to cul-
tures of primary wild-type MSCs (Fig. 3j). MSCs cultured with CM from
Dnmt3a-mutant HSPCs had increased levels of SA-B-gal (Fig. 3k-m) and
Cdknla expression (Fig. 3n), and were in a state of replicative senes-
cence assessed over seven days (Extended Data Fig. 6g,h). These data
show that Dnmt3a-mutant haematopoietic cells induce MSC senes-
cenceinacell contact-independent manner.

Toidentify soluble factors produced by Dnmt3a-mutant haemat-
opoietic cells with the potential toinduce MSC senescence, we defined
a putative secretome. We cross-referenced DEGs in Dnmt3a-mutant
HSCswithannotated secreted proteins and proteins detected in HSC/
MPP datasets*** (Extended Data Fig. 6i). As inflammatory cytokine
transcripts are often under-represented in RNA-seq, we complemented
this analysis with a multiplexed enzyme-linked immunoabsorbent

assay (ELISA) of Dnmt3a-mutant and control HSPC CM, finding that
Dnmt3a-mutant haematopoietic cells produce elevated levels of IL-6,
TNF-a, GDF-15 and osteopontin (OPN) (Fig. 30). We then functionally
evaluated asubset of these factors (IL-1a, IL-1, IL-6 and TNF-«) for their
ability to induce senescence of primary mouse MSCs. We found that
recombinant murine IL-6 and TNF-a were sufficient to induce SA-f3-gal
in MSCs (Fig. 3p). We then tested these factors in primary wild-type
human MSCs (Supplementary Table 3), finding that recombinant
human TNF-q, but not IL-6, was sufficient to induce SA-f-galin human
MSCs (Fig. 3q). These data show that soluble factors produced by
Dnmt3a-mutant haematopoietic cells, particularly TNF-q, are sufficient
toinduce primary mouse and human MSC senescence.

We then asked what SASP factors are released by senescent MSCs,
to determine if these were distinct from senescence-inducing factors
such as TNF-a. Weinduced MSC senescence using Dnmt3a-mutant CM,
then removed the CM and replaced it with fresh MSC media for four
days, followed by media collection to assess potential SASP factors.
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We observed that senescent MSCs produce elevated levels of the SASP
factors MMP3 and S100a9, but not TNF-« (Extended Data Fig. 6j,k),
which distinguishes SASP from factors that induce MSC senescence.

Lastly, we queried the functional impact of CH-driven MSC
senescence on wild-type versus Dnmt3a-mutant haematopoiesis. We
used Dnmt3a-mutant CM to induce senescence of wild-type MSCs,
removed the CM and then added wild-type HSPCs for co-culture
(Extended DataFig. 61). Wild-type HSPCs exposed to senescent MSCs
had reduced proportions of phenotypic HSCs and increased granu-
locyte-macrophage progenitors (GMPs) (Extended Data Fig. 6m).
Similarly, in vivoinduction of MSC senescence by Dnmt3a-mutant hae-
matopoiesis impacted wild-type haematopoiesis, causing a reduced
proportion of HSCs and increased GMPs (Extended Data Fig. 6n,0).
In contrast, Dnmt3a-mutant HSPCs exposed to senescent MSCs
have a greater proportion of phenotypic HSCs and decreased GMPs
(Extended Data Fig. 6p,q). These data suggest that there is a distinct
functional response of wild-type versus Dnmt3a-mutant HSCs to MSC
senescence wherein wild-type HSCs undergo differentiation while
mutant HSCs are maintained or expanded.

STAT3 signalling selectively induces senescence in MSCs

We next sought to understand the molecular basis of the cell context
specificity of senescence inductionin MSCs but not ECsin the context of
CH.Inother celltypes, TNF-a.and IL-6 induce senescence through Stat3
signalling and reactive oxygen species (ROS) accumulation®*”, and tar-
geting Stat3 causes selective death of senescent cells*®, We hypothesized
that ‘senescence-sensitive’ MSCs versus ‘senescence-resistant’ ECsin CH
may have different expression levels of TNF-a or IL-6 receptors, and/or
differential activation of Stat3 or ROS. In the context of Dnmt3a-mutant
CH, we observedincreased levels of TNF-a receptor 2 (TNFR2) and IL-6
receptor (IL6R) and no change in TNF-a receptor 1 (TNFR1) on MSCs
(Fig. 4a,b), and these all were unchanged in ECs (Fig. 4c). This same
pattern was also observed in steady-state mice with Dnmt3a-mutant
CH (Extended Data Fig. 7a,b). With respect to downstream signalling,
we found increased phosphorylation of Stat3 (pStat3) and levels of
cellular ROS in MSCs in mice with Dnmt3a-mutant compared to control
haematopoiesis (Fig. 4d), also with no changein ECs (Fig. 4e). Further
analysis of our scRNA-seq data found that MSCs in Dnmt3a-mutant hae-
matopoiesis had increased signatures of ROS, DNA damage response
signalling, and p53 activation compared to control haematopoiesis
(Fig. 4f), and these signatures were not enriched in ECs. We did not
observe increased phosphorylation of other potential downstream

mediators of TNF-a or IL-6 signalling, including NF-kB, MAPK/ERK and
AKT, in MSCs of mice with Dnmt3a-mutant haematopoiesis in either
steady state or post-transplant conditions (Extended Data Fig. 7c-e).
Together, TNF-a and IL-6 receptor levels and downstream Stat3 phos-
phorylationare associated with the selectivity of senescence induction
in MSCs in response to Dnmt3a-mutant haematopoiesis.

We next asked if TNF-acor IL-6 are sufficient to induce Stat3 phos-
phorylation and accumulation of cellular ROS, and if inhibition of
these pathways canblock MSC senescence induction in the context of
Dnmt3a-mutant CH. We treated primary MSCs or BMECs with recom-
binant TNF-a or IL-6 ex vivo (Fig. 4g). We observed that TNF-oc and
IL-6 induced pStat3 and cellular ROS in MSCs compared to vehicle
control (Fig. 4h), but not in BMECs (Fig. 4i). To determine if TNF-ac or
IL-6 were required to induce MSC senescence from Dnmt3a-mutant
haematopoiesis, we used Dnmt3a-mutant CM in combination with
TNF-a inhibition by etanercept®, IL-6 inhibition by elsilimomab*’, or
Stat3inhibition by stattic* on wild-type MSCs (Fig. 4j). MSCs cultured
with Dnmt3a-mutant CM had increased levels of SA-3-gal compared
to control CM, and inhibition of TNF-a, IL-6 or Stat3 prevented this
induction of SA-B-gal in MSCs (Fig. 4k). Based on these results, we
propose a signalling mechanism underlying MSC senescence induc-
tion in response to Dnmt3a-mutant haematopoiesis (Fig. 41). MSCs,
butnot ECs, are sensitive to senescence induction by Dnmt3a-mutant
haematopoietic cells by TNF-a- or IL-6-driven Stat3 signalling.

Non-haematopoietic senescent cell depletion reduces
Dnmt3a-mutant haematopoiesis

We next sought to functionally determine whether targeted removal of
senescentnon-haematopoietic cells alters the fitness of Dnmt3a-mutant
haematopoiesis. We used p16-3MR mice, which have a fluorescent
reporter (mRFP) of p16 expression as well as the ability to deplete p16™
cellsbyinvivo orinvitro administration of ganciclovir (GCV)**. Primary
MSCs from p16-3MR mice were cultured with Dnmt3a-mutant CM to
induce senescence, followed by GCV treatment to deplete p16" MSCs
(Fig. 5a). GCV treatment significantly reduced the number of viable
MSCs in the Dnmt3a-mutant CM but not the control condition (-50%
decrease) (Fig. 5b), consistent with depletion of senescent MSCs. To
evaluate targeted removal of senescent cells in vivo, we transplanted
Dnmt3a™¥"®"* Mx-Cre or control BM into p16-3MR recipient mice and
waited 16 weeks, a timeframe in which we previously observed MSC
senescence to be robustly induced (Fig. 2k-m). We performed daily
dosing of GCV for five days, followed by a four-week period without

Fig. 4| TNF-a- and IL-6-mediated activation of STAT3 signalling selectively
induces MSCsenescence. a, Schematic of the experimental design of
busulfan-conditioned recipient mice transplanted with Dnmt3a®*"* Mx-Cre

or control donor haematopoietic cells. Transplant was performed >5 weeks

after poly(I:C) treatment of donor mice. b, Frequency of TNFR1" (left), TNFR2*
(centre) and IL6R" (right) MSCs (CD45 Ter119- CD31 CD51' PDGFRa* LepR*)

in mice with control or Dnmt3a***"* haematopoiesis. Pvalues determined by
unpaired, two-tailed t test (n =9 control, n =10 Dnmt3a"**"* biological replicate
mice). Non-significant Pvalues (P> 0.05) not shown. ¢, Frequency of TNFR1" (left),
TNFR2* (centre) and IL6R* right) ECs (CD45™ Ter119” CD31%) in mice with control or
Dnmt3a"¥#"* haematopoiesis. Not significant by unpaired, two-tailed ¢ test (n =9
control, n =10 Dnmt3a®**"* biological replicate mice). d, Frequency of pStat3*
(left) and ROS (CellROX) MFI (right) in MSCs in mice with control or Dnmt3a®*"*"*
haematopoiesis. Pvalues determined by two-tailed Mann-Whitney test (n =5
biological replicates per condition). e, Frequency of pStat3* (left) and CellROX
MFI (right) in ECs in mice with control or Dnmt3a**"*"* haematopoiesis. Not
significant (P> 0.05) by two-tailed Mann-Whitney test (n = Sbiological replicates
per condition). f, GSEA of ROS, DNA damage response and p53 signatures in MSCs,
EC-arteriolar and EC-sinusoidal clusters in mice with Dnmt3a®"*"* versus control
haematopoiesis. Dots shownare FDR < 0.05 (n = 4 biological replicate mice per
condition). g, Schematic of the experimental design for treatment of wild-type
MSCs with TNF-a or IL-6 ex vivo. h, Frequency of pStat3* (left) and CellROX MFI
(right) in MSCs after treatment with TNF-ac or IL-6. P values were determined by

one-way ANOVA with uncorrected Fisher’s least significant difference (LSD). For
pStat3: n=14 vehicle,n=7 TNF-a, n = 6 IL-6 biological replicates. For CelIROX:
n=13vehicle, n=8 TNF-a, n=7IL-6 biological replicates. i, Frequency of pStat3*
(left) and CellROX MFI (right) in BMECs after treatment with TNF-a or IL-6. Not
significant (P> 0.05) by one-way ANOVA. For pStat3: n = 7 biological replicates
per condition. For CellROX:n =7 vehicle, n=7 TNF-a, n = 6 IL-6 biological
replicates. j, Schematic of the experimental design for treatment of wild-type
MSCs with CM from control or Dnm¢3a™"*"* HSPCs with or without the addition
ofinhibitors targeting TNF-o (etanercept), IL-6 (elsilimomab) or Stat3 (Stattic).
k, Representative histogram (top) and MFI (bottom) of SA-B-gal in MSCs treated
with CM from control or Dnmt3a®’*"* HSPCs, with or without the TNF-ainhibitor
etanercept (left), IL-6 inhibitor elsilimomab (centre) or the Stat3 inhibitor
stattic (right). Pvalues determined by one-way ANOVA with Tukey’s multiple
comparisons test. Left (etanercept): n = 3 biological replicates per condition.
Centre (elsilimomab): n = 4 biological replicates per condition. Right (Stattic):
n=4biological replicates per condition. Non-significant Pvalues (P> 0.05) not
shown. 1, Proposed model of senescence induction in MSCs involving IL-6 and/or
TNF-a produced by Dnmt3a-mutant haematopoietic cells stimulating a Stat3-ROS
signalling mechanism in MSCs. Dots represent individual biological replicate
mice or human samples. In box plots, the box represents the interquartile range,
the medianis indicated by the line inside the box, and whiskers extend to the
minimum and maximum values. Panell created in BioRender; Trowbridge, .
(2025) https://BioRender.com/fwgfp4p.
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GCV* (Fig. 5¢). We found that p16-3MR mice with Dnmt3a-mutant
haematopoiesis had an ~1.5-fold increase in the proportion of senes-
cent MSCs and that these were fully depleted by GCV (Fig. 5d,e and
Extended DataFig.8a,b).Inthese GCV-treated mice, we also observed

an-1.3-fold decrease in the proportion of Dnmt3a-mutant haematopoi-
etic cells at the BM (Fig. 5f) and HSC (Fig. 5g) levels. Thus, depletion
of pl6-expressing senescent cells reduces the fitness advantage of
Dnmt3a-mutant haematopoietic cells in vivo.
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We nextemployed anindependentapproachtoselectively deplete
senescent cells in vivo using a pharmacological senolytic. Given that
MSC senescence induced by Dnmt3a-mutant haematopoiesis is char-
acterized by increased expression of Bcl-xL and Bcl-2, our first choice
was the senolytic ABT-263 (Navitoclax) asitinhibits the anti-apoptotic
activity of Bcl-xL, Bcl-2 and Bcl-W?**, Primary wild-type MSCs were
cultured with Dnmt3a-mutant CM to induce senescence, followed
by ABT-263 treatment (Fig. 5h). ABT-263 significantly reduced the
number of viable MSCs in the Dnmt3a-mutant CM but not the control
condition (-50% decrease) (Fig. 5i), consistent with depletion of senes-
cent MSCs. To evaluate targeted removal of senescence cells in vivo,
we transplanted Dnmt3a®®’®"* Mx-Cre or control BM into wild-type
recipient mice, waited 12 weeks, then treated mice with ABT-263 or
vehicle (Fig. 5j). We found that ABT-263 depleted senescent MSCs
in the BM caused by Dnmt3a-mutant haematopoiesis (Fig. 5k,l and
Extended DataFig. 8c).Inthese ABT-263-treated mice, we also observed
an-~1.3-fold decrease inthe proportion of Dnmt3a-mutant haematopoi-
etic cellsat the BM (Fig. 5m) and HSC (Fig. 5n) levels. The reduction of
Dnmt3a-mutant HSPCs in ABT-263-treated mice was independently
confirmed by reduced ex vivo haematopoietic colony-forming unit
(CFU) formation (Fig. 50). Collecting data from individual biological
replicate mice permitted usto correlate the level of MSC senescence to
thelevel of donor-derived haematopoiesis. Inmice transplanted with
control BM, no correlation was observed between MSC senescence
and donor-derived haematopoiesis, and overall MSC senescence was
low (Fig. 5p). In contrast, mice transplanted with Dnmt3a-mutant hae-
matopoiesis showed a positive correlation between the proportion of
MSC senescence and Dnmt3a-mutant haematopoiesis at the BM and
HSC levels, and proportional reduction in both parameters in mice
treated with ABT-263 (Fig. 5q). Interpretation of these datais depend-
ent on whether ABT-263 only targets senescent non-haematopoietic
cells orifit also directly effects haematopoietic cells. Levels of Bcl-xL

and Bcl-2 were not different between Dnmt3a-mutant and control hae-
matopoietic cells (Extended Data Fig. 8d). Consistent with this, direct
treatment of Dnmt3a-mutant and control HSPCs with ABT-263 did not
impair their growth or replating in CFU assays (Extended DataFig. 8e),
and did not alter the production of TNF-a or IL-6 by Dnmt3a-mutant
HSPCs (Extended DataFig. 8f,g). Furthermore, treatment of wild-type
mice with ABT-263 following the same protocol (Extended Data Fig. 8h)
did notalter their blood counts or haematopoietic cell proportionsin
theblood or BM (Extended Data Fig. 8i,j). Our datashow that ABT-263
does not directly impact wild-type or Dnmt3a-mutant haematopoie-
sis with the dose and time course used in our experiments. Thus, we
conclude that depletion of senescent non-haematopoietic cells using
ABT-263 reduces the fitness advantage of Dnmt3a-mutant haemat-
opoietic cells in vivo, and that there is a dose-dependent relationship
between MSC senescence and the fitness advantage of Dnmt3a-mutant
haematopoietic cells.

To test the efficacy of other senolytic compounds, we evaluated
the Food and Drug Association-approved senolytic drugs dasat-
inib and quercetin (D + Q)**. We transplanted Dnmt3a®*"* Mx-Cre
or control BM into wild-type recipient mice followed by treatment
with D + Q every three days for four weeks (Extended Data Fig. 9a).
We found that D + Q depleted senescent MSCs in the BM caused by
Dnmt3a-mutant haematopoiesis (Extended Data Fig. 9b-d). In these
D + Q-treated mice, we also observed an ~1.2-fold decrease in the
proportion of Dnmt3a-mutant haematopoietic cells at the BM and
HSPC levels (Extended Data Fig. 9e). Similar to our observations with
ABT-263, no correlation was observed between MSC senescence and
donor-derived haematopoiesis in the control group, and overallMSC
senescence was low (Extended Data Fig. 9f). In contrast, mice trans-
planted with Dnmt3a-mutant haematopoiesis showed a positive corre-
lation between the proportion of MSC senescence and Dnmt3a-mutant
haematopoiesis at the BM and HSPC levels, and proportional reduction

Fig. 5| Depletion of non-haematopoietic senescent cells reduces
Dnmt3a-mutant haematopoiesis. a, Schematic of the experimental design to
deplete senescent p16-3MR MSCs using GCV. b, Number of live and dead MSCs
after culture with control or Dnmt3a®"®"* CM, treated with or without GCV.
Pvalues determined by two-way ANOVA with Sidak’s multiple comparisons

test (n =4 biological replicates per condition). Non-significant P values

(P>0.05) not shown. ¢, Schematic of the experimental design to generate
Dnmt3a**"*"* haematopoiesis in p16-3MR recipient mice followed by GCV
treatment. Transplant was performed >5 weeks after poly(I:C) treatment of
donor mice. d, Representative histogram (left) and MFI (right) of SA-B-gal in
MSCs (CD45 Ter119” CD31° CD51" PDGFRa) in p16-3MR mice with control or
Dnmt3a®*"*"* haematopoiesis after treatment with vehicle or GCV. Pvalues
determined by one-way ANOVA with Tukey’s multiple comparisons test (n=5
control vehicle, n =4 control GCV, n =5 Dnmt3a"*"*"* vehicle, n = 7 Dnmt3a®¥’*"*
GCV biological replicate recipient mice per condition). Non-significant Pvalues
(P> 0.05) not shown. e, Frequency of senescent MSCs (SA-B-gal" p16" Bcl-xL*
Bcl-2*) in p16-3MR mice with control or Dnmt3a*¥*"* haematopoiesis after
treatment with vehicle or GCV. Pvalues determined by one-way ANOVA with
Tukey’s multiple comparisons test (n = 5 control vehicle, n = 4 control GCV,n=5
Dnmt3a®*"*"* vehicle, n = 7 Dnmt3a***"* GCV biological replicate recipient mice
per condition). Non-significant P values (P> 0.05) not shown. f,g, Frequency of
donor (CD45.1") haematopoietic cells in the BM (f) and HSC (g) compartments

of recipient mice. Pvalues determined by Brown-Forsythe ANOVA test with
unpaired ¢ test with Welch’s correction (n = 5 control vehicle, n = 4 control GCV,
n=>5Dnmt3a*"*""* vehicle, n = 7 Dnmt3a***"* GCV biological replicate recipient
mice per condition). Non-significant Pvalues (P> 0.05) not shown. h, Schematic
of the experimental design to deplete senescent MSCs using ABT-263. i, Number
of live and dead MSCs after culture with control or Dnmt3a**"* CM, treated with
or without ABT-263. Pvalues determined by two-way ANOVA with Sidak’s multiple
comparisons test (n = 4 biological replicates per condition). Non-significant
Pvalues (P> 0.05) not shown. j, Schematic of the experimental design to generate
Dnmt3a**"*"* haematopoiesis in wild-type recipient mice followed by ABT-263
treatment. Transplant was performed >5 weeks after poly(l:C) treatment of donor

mice. k, Representative histogram (left) and MFI (right) of SA-B-galin MSCsin
mice with control or Dnmt3a®”*"* haematopoiesis after treatment with vehicle
or ABT-263. Pvalues determined by Kruskal-Wallis with uncorrected Dunn’s

test (n =10 control vehicle, n = 9 control ABT-263, n = 8 Dnmt3a*¥’*"* vehicle and
n=10 Dnmt3a"*"*"* ABT-263 biological replicate mice). Non-significant Pvalues
(P>0.05) not shown. I, Frequency of senescent MSCs (SA-B-gal" Bcl-xL* Bcl-2*) in
mice with control or Dnmt3a®*’*"'* haematopoiesis after treatment with vehicle
or ABT-263. Pvalues determined by Kruskal-Wallis with uncorrected Dunn’s

test (n =10 control vehicle, n =9 control ABT-263, n = 8 Dnmt3a"**"*"* vehicle and
n=10 Dnmt3a"*"*"* ABT-263 biological replicate mice). Non-significant Pvalues
(P>0.05) not shown. m,n, Frequency of donor (CD45.2") haematopoietic cellsin
the BM (m) and HSC (n) compartments of recipient mice. P values determined by
Kruskal-Wallis with uncorrected Dunn’s test (n =10 control vehicle, n = 9 control
ABT-263, n = 8 Dnmt3a™*"*"* vehicle and n =10 Dnmt3a"*"*"* ABT-263 biological
replicate mice). Non-significant Pvalues (P > 0.05) not shown. o, Number of
haematopoietic colonies at passage 2 (P2) from recipient mice treated with
vehicle or ABT-263. Pvalues determined by one-way ANOVA with Fisher’s LSD
(n=9 control vehicle, n = 6 control ABT-263, n = 6 Dnmt3a"¥*"* vehicle and
n=8Dnmt3a***"* ABT-263 biological replicate mice). Non-significant Pvalues
(P>0.05) not shown. p, Correlation between the frequency of senescent

MSCs and donor-derived BM cells (left), and frequency of senescent MSCs and
donor-derived HSCs (right) in mice transplanted with control haematopoiesis.
Significance determined by two-sided Pearson correlation (n =10 control
vehicle, n =9 control ABT-263 biological replicate recipient mice). q, Correlation
between the frequency of senescent MSCs and donor-derived BM cells (left),
and frequency of senescent MSCs and donor-derived HSCs (right) in mice
transplanted with Dnmt3a"**"* haematopoiesis. Significance determined by
two-sided Pearson correlation (n = 8 Dnmt3a*¥®"* vehicle, n =10 Dnmt3a**"*
ABT-263 biological replicate recipient mice). Dots represent individual biological
replicate mice. Bar graphs show mean * s.e.m. In box plots, the box represents
theinterquartile range, the medianis indicated by the line inside the box, and
whiskers extend to the minimum and maximum values.
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inboth parametersin mice treated with D + Q (Extended DataFig. 9g).
The consistent reduction in Dnmt3a-mutant haematopoietic cell fit-
ness following three independent senolytic interventions—genetic
depletion of p16" cells, ABT-263 and D + Q—provides direct causal
evidence that the presence of senescent MSCs is required for the full
magnitude of CH expansion we observe, independent of the absolute
proportion of cells bearing any individual senescence marker.

Senescent cell depletion delays progression towards
malignancy

One of therisks for individuals with CHIP is progression to blood can-
cer’.Inthe context of AML, MSC senescence has beenidentified in pre-
vious studies asarelevant contributor to disease*>**. Inmouse models
of human AML driven by Idh1/Npm1/Nras and Npm1/Flt3 mutations®,
we find robust MSC senescencein vivo (Extended Data Fig.10a-f), and
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Fig. 6 | Depletion of non-haematopoietic senescent cells during
Dnmt3a-mutant clonal haematopoiesis reduces myeloproliferation and
neoplasia. a, Schematic of the experimental design to evaluate treatment with
ABT-263 at the Dnmt3a**’*"* CH stage on progression to Dnmt3a;NpmI-mutant
AML. Transplant was performed >5 weeks after poly(I:C) treatment of donor
mice, and the NpmI mutation was induced 2 weeks after the final ABT-263
treatment using TAM. b, Frequency of myeloid cellsin donor-derived PB before
and after TAM. Pvalues determined by two-way repeated measures (RM)
ANOVA with Sidak’s multiple comparisons test (n = 6 vehicle,n =7 ABT-263
biological replicate recipient mice). ¢, Complete blood count values in mice
with Dnmt3a;NpmI-mutant haematopoiesis treated with vehicle or ABT-263
atthe CH stage. WBC, white blood cell; MONO, monocyte; NEUT, neutrophil.
Pvalues determined by unpaired, two-tailed ¢ test (n = 6 vehicle, n =7 ABT-263
biological replicate mice). d, Representative histogram (left) and MFI (right) of
SA-B-galin MSCs (CD45 Ter119~ CD31 CD51" PDGFRa") isolated from mice with
Dnmt3a;NpmI-mutant haematopoiesis treated with vehicle or ABT-263 at the

Days post-secondary transplant

CH stage. Pvalue determined by two-tailed Mann-Whitney test (n =7 biological
replicate mice per condition). e,f, Frequency of donor haematopoietic cellsin the
BM (e) and granulocyte-macrophage primed multipotent progenitor (MPP/™)
(f) compartment in mice with Dnmt3a;NpmI-mutant haematopoiesis treated
with vehicle or ABT-263 at the CH stage. Pvalues determined by two-tailed
Mann-Whitney test (n = 7 biological replicate recipient mice per condition).

g, Number of haematopoietic colonies (CFU) from mice at passage 1 (P1) with
Dnmt3a;NpmI-mutant haematopoiesis treated with vehicle or ABT-263 at the

CH stage. Pvalue determined by two-tailed Mann-Whitney test (n = 9 vehicle,
n=6ABT-263 biological replicates). h, Survival of secondary recipient mice
transplanted with Dnmt3a;NpmI-mutant BM from mice treated with vehicle

or ABT-263 at the CH stage. Significance calculated by two-sided log-rank
(Mantel-Cox) test (n = 6 biological replicate mice). Dots represent individual
biological replicate mice. In box plots, the box represents the interquartile range,
the medianisindicated by the line inside the box, and whiskers extend to the
minimum and maximum values.

patients with AML with CHIP mutations in DNMT3A or TET2 have ele-
vated CDKNIA (P21) expressionin their MSCs compared to age-matched
controls*® (Extended Data Fig.10g). These data show that MSC senes-
cenceisnotonly observedin CHbutalsoin the context of AML, raising
the concept that MSC senescence may contribute to leukaemogenesis.

A corollary of CH-driven MSC senescence promoting leukaemo-
genesis is that depletion of senescent MSCs at the CH stage should
reduce the risk of progression to blood cancer. To test this, we used
orthogonally inducible mutant alleles previously generated in our
laboratory to induce CH (Cre-driven Dnmt3a®¥’®"*) and progression

from CH to AML (FIp-driven NpmI®*)®, Using the senolytic ABT-263, we
evaluated whether targeted removal of senescent MSCs at the CH stage
would alter the time course or risk of development of blood cancer. We
transplanted Dnmt3a"¥#"* Mx-Cre or control BM into wild-type recipi-
ent mice, allowed MSC senescence induction for 12 weeks, followed by
depletion of senescent cells using ABT-263 (Fig. 6a). We then adminis-
tered tamoxifen (TAM) to activate the Flp-inducible NpmI#* mutant
allele that promotes malignant transformation from Dnmt3a®®8"*
HSCs (Fig. 6a). Following these mice over time, we observed that
mice treated with ABT-263 during CH had decreased frequencies of
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Dnmt3a™¥"* NpmI1*"* myeloid cells in their peripheral blood (Fig. 6b)
and had reduced white blood cell (WBC), monocyte (MONO) and neu-
trophil (NEUT) counts (Fig. 6¢). After five months, mice treated with
ABT-263 maintained ~1.8-fold lower SA-f3-gal expressionin their MSCs
(Fig. 6d) and had reduced frequencies of Dnmt3a™*"*"* NpmI** haema-
topoietic cells at the BM (Fig. 6e) and HSPC (Fig. 6f) levels. Reduction
in HSPCs was functionally confirmed by reduced ex vivo CFU forma-
tion (Fig. 6g). Transplantation of Dnmt3a®¥*"* Npmi1®** leukaemic
cells from mice treated with ABT-263 at the CH stage into secondary
recipient mice revealed extended survival compared to mice treated
with vehicle control at the CH stage (Fig. 6h). Together, these results
support that MSC senescence induced by Dnmt3a-mutant haemat-
opoiesis during CH creates an environment that supports outgrowth
of haematopoietic clones with malignant potential.

Discussion

We have demonstrated that Dnmt3a-mutant haematopoietic cells
directly alter the BM microenvironment and induce senescence selec-
tively in MSCs, bothin the context of steady-state ‘native’ haematopoie-
sis as well as following transplantation. This is found even when the
proportion of Dnmt3a-mutant haematopoietic cellsin the BMis small
(equivalent to a CH VAF of 1-4%) as well as in the context of human MSCs
isolated fromindividuals with CHIP caused by multiple driver mutations
including DNMT3A, TET2,ASXL1and CCARI.Furthermore, our findings
arereplicated in amouse model of Tet2-mutant haematopoiesis, sup-
porting that a subset of the most common mutations identified in CH
are associated with MSC senescence. Senescence induction does not
rely onphysical cell-to-cell interactionbutinstead is caused by secreted
factors such as TNF-a, which is produced by mutant haematopoietic
cells*~', We find that depletion of senescent non-haematopoietic
cells reduces the selective advantage of Dnmt3a-mutant HSPCs and
their progeny and reduces progression to myeloid neoplasms. The
convergent results from three orthogonal senolytic strategies provide
causal evidence for thisrelationship that does not depend onany single
estimate of senescent MSC abundance. Although the enrichment of
senescence-associated MSCsin the setting of CHis modestin absolute
terms—consistent with the minority-population nature of niche regula-
tory cells—the dose-dependent correlation between MSC senescence
levels and Dnmt3a-mutant haematopoietic fitness observed across
individual mice demonstrates that even this quantitative range is func-
tionally consequential. This is conceptually consistent with a recent
report that MSC senescence is associated with progression from the
precursor condition monoclonal gammopathy of undetermined sig-
nificance (MGUS) to multiple myeloma (MM)*. Our results establish
that CH clones can alter their surrounding BM microenvironment to
create afavourable niche that facilitates their competitive advantage
and promotes the outgrowth of neoplastic cells.

In mice, TNF-a and IL-6 produced by Dnmt3a-mutant haemat-
opoietic cells are necessary and sufficient to induce MSC senescence.
Senescence of human MSCs in the context of CHIP may involve an
overlapping but distinct set of inflammatory cytokines, including
TNF-o. Furtherinvivo studies and in-depth profiling of primary human
samples will be needed to definitively assess which soluble factors
drive human MSC senescence in CHIP. TNF-a signalling has been asso-
ciated with DNMT3A-mutant CH in mouse models*’ and in humans®,
and elevated TNF-a and IL-6 are observed in TET2-mutant CH>*™¢,
suggesting that these inflammatory mediators may function within
anintegrated signalling network that promotes MSC senescence and
microenvironment remodelling. Whether MSCs begin expressing
inflammatory factorsin the context of CH and how this relates to MSC
senescenceisanimportant question. Asubstantial research challenge
lies in the overlap of SASP factors with markers of inflammation. In
observing SASP enrichment in MSCs in the absence of upregulation
of broad inflammatory gene signatures, our data are aligned with an
interpretation of MSC senescence rather than MSC inflammationinthe

context of CH/CHIP. The extent to which this process mechanistically
overlaps with the inflammatory signalling axis from immune cells to
stromal cells recently reported to drive clonal evolution in CHIP and
MDS**? remains to be determined.

There are several limitations to our study that should be consid-
ered in future work. We administered poly(I:C) to mice carrying the
Mx-Cre allele to induce the Dnmt3a™¥’%" mutation. Poly(I:C) is a syn-
thetic double-stranded RNA that induces an inflammatory response,
and inflammation is known to drive the selective advantage of
CH-mutant haematopoietic cells******>%, Although we have validated
key experiments using the TAM-inducible Fgd5-CreER Dnmt3a®®8"*
model, we cannot rule out that some of the phenotypes we report
are impacted by poly(I:C)-induced inflammation. Our experiments
demonstrate that Dnmt3a-mutant haematopoietic cells induce MSC
senescence, but we have not identified the specific haematopoietic
cell type(s) that mediate this effect. Furthermore, although our data
supportamodelin which Dnmt3a-mutant HSPCs secrete cytokines that
initiate MSC senescence, followed by secondary SASP production by
senescent MSCs, our study does not definitively delineate the respec-
tive contributions of haematopoietic and stromal compartments to the
fullinflammatory milieu associated with CH. Future studies capable of
celltype-specific cytokine perturbation will be necessary to distinguish
the stromal versus haematopoietic origins of inflammatory factors and
to dissect autocrine versus paracrine mechanisms. Although we per-
formed several control experiments with the p16-3MR mouse model,
concerns have been raised regarding the reproducibility and robust-
ness of this model*®. Furthermore, in administering the senolytics
ABT-263 and D + Q to mice systemically, we cannot exclude that they
have other effects on haematopoietic or non-haematopoietic cells
that contribute to areductionin Dnmt3a-mutant haematopoiesis orin
transformation from Dnmt3a-mutant haematopoiesis to myeloid neo-
plasia. ABT-263 is limited in clinical utility as it causes dose-dependent
thrombocytopeniadue to BCL-xL dependencein platelets. Importantly,
the clinical limitations do not negate the biological insight: demonstra-
tion that senolytics can reduce CH provides a proof of concept that the
senescent microenvironmentistargetable to alter pre-malignant clone
dynamics, and it opens the door to safer translational approaches (for
example, targeted senolytic delivery to BM, intermittent dosing or
platelet-sparing BCL-xL degraders now under development).

Insolid tumours, tumour-infiltrating CH-mutant haematopoietic
cellsremodel the tumourimmune microenvironment and increase the
risk of disease recurrence and death®’. Whether circulating CH-mutant
haematopoietic cellsinduce senescence in other normal and malignant
tissues, which soluble factors drive senescence in other tissues, and
how this contributes to CH-associated disease states, will be an exciting
area of further investigation. Our work provides a clear rationale for
testing whether targeting aberrant senescent MSCs can attenuate the
haematopoietic and non-haematopoietic sequelae of CH.

Our findings in CH may be relevant to the spectrum of adult tis-
sues that accumulate somatic mutations in the context of ageing.
For example, studies in the ageing colon, endometrium, oesophagus
and skin show that clonal evolution can occur years or decades prior
to the development of malignancies®. How the stroma dynamically
co-evolves with age in mutated but histologically normal clonal tis-
sues, includinginduction of senescence, needs further exploration. In
preclinical models, interventions targeting senescent cells have been
showntodelay, prevent or alleviate multiple disorders, including dia-
betes, cardiac dysfunction, cognitive impairment and osteoporosis®®>®.,
Exploring the feedforward interaction between senescence and clon-
ality in different microenvironmental compartments may reveal new
therapeutic approaches to disrupt these interactions and attenuate
ageing-associated disease.

Together, these findings establish a foundational mechanism
through which CH activates senescence programs in MSCs and dem-
onstrate how senescent stromal cells may contribute to clonal fitness.
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This work provides a platform for future mechanistic studies and
highlights potential translational opportunities to intercept CH and
reducetherisk of blood cancer and other CH-associated pathologies.
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Methods

This research complies with all relevant ethical regulations and was
approved by the relevant institutional review boards and ethics com-
mittees. Allanimal work performed in this study was approved by the
Institutional Animal Care and Use Committee at The Jackson Labora-
tory (Bar Harbor, Maine, USA) (protocol #12004-01). Collection and
use of fresh femoral head specimens from individuals undergoing
elective total hip replacement was approved by the Research Ethics
Board of the University Health Network (UHN) (Toronto, Ontario,
Canada) (protocol #REB 22-5692). Collection and use of fresh femoral
head specimens from individuals undergoing total hip arthroplasty
was approved by the ethics board at the Technical University of Munich
(Munich, Germany) (protocol #399/21).

Mice

All Mus musculus strains were obtained from The Jackson Labora-
tory. C57BL/6) (RRID:IMSR JAX:000664) mice, B6.SJLPtprcPepc®/
BoyJ (RRID:IMSR JAX:002014, referred to as CD45.1") mice and
B6.Cg-Tg(Cdkn2a/luc/RFP/TK)1Cmps/J (RRID:IMSR JAX:037045%,
referred to as pl16-3MR) mice were obtained from and housed
within The Jackson Laboratory. B6(Cg)-Dnmt3a™™*“/J (RRID:IMSR
JAX:032289%, referred to as Dnmt3a™*¥*"*) mice were crossed to
B6.Cg-Tg(Mx-cre)1Cgn/] (RRID:IMSR JAX:003556°, referred to
as Mx-Cre) mice or the combination of C57BL/6N-Fgd5m3cre/ERT2bir
J (RRID:IMSR JAX:027789°, referred to as Fgd5-CreER) and B6.Cg-
Gt(ROSA)26Sorm#cac-tdTomatoltize /1 (RRID:IMSR JAX:007914°%*, referred
to as LSL-tdTomato) mice. Dnmt3a™®®"* Mx-Cre mice were crossed
to C57BL/6)-Ptprce™t“¥/] (RRID:IMSR JAX:033076, referred to as
JAXBoy) mice to generate CD45.1' Dnmt3a™*"* Mx-Cre mice.
B6;129S- Tet2™™-1aai/) (RRID:IMSR JAX:017573%, referred to as Tet2*°)
mice were crossed to C57BL/6-Tg(Tall cre/ERT)42-056)rg/) (RRID:IMSR
JAX:037466%, referred to as Scl-CreER) mice and LSL-tdTomato mice.
To study leukaemic transformation, Dnmt3a™®®"* Mx-cre mice were
crossedwith C57BL/6-NpmI1™™*/] (RRID:IMSRJAX:033164", referred to
as NpmI™¥*) mice and B6N.12956(Cg)-Gt(ROSA)26Sor ™ ACFpolERTIAL
J (RRID:IMSR JAX:019016°, referred to as R267P°R) mice. For AML
models, Cre-inducible NpmIc mice® were crossed with Cre-inducible
FIt3°™® mice* and B6.Cg-Ndor1™WVBCc-ere/ERI2156 /11 (RRID:IMSR
JAX:007001°, referred to as UBC-Cre-ERT2) mice, or Cre-inducible
IdhI®*™ mice® were crossed with Cre-inducible Npm1Ic, Cre-inducible
C57BL/6-Nras™™/J (RRID:IMSR JAX:008304°, referred to as Nras®?P)
and UBC-Cre-ERT2 mice. Mice carrying the Mx-Cre allele were given
15 mg kg™ polyinosinic—polycytidylic acid (poly(I:C), InvivoGen) by
intraperitoneal (i.p.) injection every other day for a total of five doses
between two and four months of age. After pIpC, genomic DNA was
extracted from peripheral blood cells for recombination polymerase
chain reaction (PCR). Using Mx-Cre, we consistently observe recom-
bination efficiencies of >90% by PCR (Extended Data Fig. 1a). Mice
carrying the Fgd5-CreER allele were given 125 mg kg™ d™ TAM by oral
gavage for three days. Mice carrying the Scl-CreER or UBC-Cre-ERT2
alleleswere given100 mg kg™ d TAM by oral gavage for two days. Mice
carrying the R26"P°® were given 125 mg kg™ d ' TAM by oral gavage for
three days. Following poly(I:C) or TAM treatment, mice recovered for
>5 weeks before use in experiments. Mice were housed in cages under
specific pathogen-free conditionsina12/12-hlight/dark environment,
with temperatures of 65-75 °F with 40-60% humidity, and food and
water provided ad libitum. All mice were used at 2-4 months of age
exceptwhere specified inthe figures, and both males and females were
used for experiments except for transplantation experiments, where
female mice were used.

Human subjects

For human scRNA-seq, fresh femoral head specimens were collected
fromindividuals undergoingelective total hip replacement at Toronto
Western Hospital (University Health Network, UHN). Writteninformed

consent was obtained from all participants according to procedures
approved by the Research Ethics Board of the UHN. Participants were
not financially compensated. Donors were between 52 and 81 years of
age and had no known autoimmune conditions, cancers or haemato-
logic disorders. Samples from both males and females wereincluded.
Sample details are provided in Supplementary Table 3.

For bulk RNA-seq, co-culture and cytokine culture analyses, human
BM samples were obtained from femoral heads of haematologically
healthyindividuals undergoing total hip arthroplasty, and mutational
analysis was performed to assess CH as previously described”. All tis-
sue was taken following informed consent and under ethics approval
from TU Munich 339/21. Participants were not compensated finan-
cially. Donors were between 18 and 80 years of age. Samples from
both males and females were included. Sample details are provided
inSupplementary Table 3.

BM transplantation

For the transplantation experiment for scRNA-seq, 3 x 10° BM cells
from Dnmt3a*"* Fgd5-CreER LSL-tdTomato or Dnmt3a™*"* Fgd5-CreER
LSL-tdTomato donor mice were transplanted by retroorbital (RO)
injection into nine-month-old CD45.1" recipient mice treated with
busulfan (20 mg kg™ d™i.p. for three days) prior to transplant. For
busulfan-conditioned transplant experiments into young CD45.1" recipi-
entmice,3 x 10°BM cells from Dnmt3a'"* Mx-Cre or Dnmt3a*™* Fgd5-CreER
or Dnmt3a®¥®"* Mx-Cre or Dnmt3a™*"*"* Fgd5-CreER donor mice were
transplanted by RO injection into young (3 months) CD45.1" recipient
mice treated with busulfan (20 mg kg™ d™i.p. for three days) before trans-
plant.For non-conditioned transplant experiments, 5 x 10° BM cells from
Dnmt3a’"* Mx-Cre or Dnmt3a™¥*"* Mx-Cre mice were transplanted by
ROinjection intoyoung (2 months) or middle-aged (13 months) CD45.1"
recipient mice over three consecutive days. For transplant experiments
intoyoung p16-3MR mice, 3 x 10° BM cells from CD45.1* Dnmt3a** Mx-Cre
or CD45.1* Dnmt3a™¥*"* Mx-Cre mice were transplanted by RO injection
into young (3 months) CD45.2" recipient mice treated with busulfan
(20 mgkg™ d™i.p.for three days) before transplant. For transplant experi-
ments assessing AML transformation, 3 x 10° BM cells from Dnmt3a*"
Mx-Cre NpmI*"* R26"P°® or Dnmt3a™*’®"* Mx-Cre NpmI™ cA™* R26FIPoER
mice were transplanted by RO injection into young (3 months) CD45.1"
recipient mice treated with busulfan (20 mg kg™ di.p. for three days)
before transplant. For secondary BMtransplant, 3 x 10° BM cells from pri-
mary transplantrecipients were transplanted by RO injectioninto young
(3 months) CD45.1" recipient mice treated withirradiation (10 Gy) prior to
transplant. For transplant of AML, 5 x 10° BM cells from Npm1/Flt3™ mice
orIdh1/Npm1/Nras®® mice were transplanted by RO injection into young
(3 months) CD45.1" recipient mice treated with busulfan 20 mg kg™ d™
i.p.for three days) orirradiation (10 Gy).

BM isolation and cell sorting for scRNA-seq

For mouse haematopoietic cell isolation, single-cell suspensions of
BM were prepared by filtering crushed femurs, tibias and iliac crests
from each mouse. Red cells were lysed using 1X red blood cell lysis
buffer (ThermoFisher). Cells were then stained with a combina-
tion of fluorochrome-conjugated antibodies: CD45.1 BV650 (clone
A20, BioLegend cat. no. 110736, dilution 1:200), CD45.2 A700 (clone
104, BioLegend cat. no. 109822, dilution 1:50), c-Kit APC (clone 2BS,
BD Biosciences cat. no. 553356, dilution 1:200), Sca-1 BV510 (clone
D7, BioLegend cat. no. 108129, dilution 1:200), CD150 BV785 (clone
TC15-12F12.2, BioLegend cat. no.115937, dilution 1:200), CD48 PE-Cy7
(clone HM48-1, BioLegend cat.no.103424, dilution1:200), FIt3/CD135
BV421 (clone A2F10, BioLegend cat. no. 135313, dilution 1:50), CD34
FITC (clone RAM34, BD Biosciences cat. no. 553733, dilution 1:50),
FcgRBV711(clone 93, BioLegend cat.no.101337, dilution 1:200), CD11b
BV605 (clone M1/70, BioLegend cat. no. 101257, dilution 1:200), a
mature lineage (Lin) marker mix including B220 PE-CyS (clone RA3-
6B2, BioLegend cat. no. 103210, dilution 1:200), CD4 PE-Cy5 (clone

Nature Cell Biology


http://www.nature.com/naturecellbiology

Article

https://doi.org/10.1038/s41556-026-02025-4

RM4-5, BioLegend cat. no.100514, dilution 1:200), CD5 PE-Cy5 (clone
53-7.3,BioLegend cat.no.100610, dilution1:200), CD8a PE-Cy5 (clone
53-6.7, BioLegend cat. no. 100710, dilution 1:200), Ter119 PE-Cy5
(clone Terl19, BioLegend cat.no.116210, dilution 1:200) and Gr-1 PE-Cy5
(clone RB6-8C5, Biolegend cat.no.108410, dilution1:200), and a viabil-
ity stain. For isolation of non-haematopoietic cells, femurs, tibias and
iliac crests were cut in halfthen spuninto 100 pl of phosphate-buffered
saline (PBS). The cell pellet was resuspended in 5 ml of digest solu-
tion (2 mg ml™ collagenase IV and 1 mg ml™ dispase in 1X Hank’s bal-
anced salt solution (HBSS)) in one well of a six-well plate. The bone
was chopped into bone chips and placed into 5 ml of digest solution
in one well of a six-well plate. The plate was incubated at 37 °C in 5%
CO, for 10 min. Bone chips were mixed, digest solution was removed
from the BM plug and added to ice-cold fluorescence-activated cell
sorting (FACS) buffer (3% FBS in PBS) and replaced with fresh 5 ml of
digestsolution. This was repeated three times, and all digest buffer was
pooled into ice-cold FACS buffer and filtered. Cells were then stained
with a combination of fluorochrome-conjugated antibodies: CD45
BV650 (clone 30-F11, BD Biosciences cat. no. 563410, dilution 1:100),
Ter119 PE-Cy5 (clone Ter119, BioLegend cat. no. 116210, dilution 1:200),
CD41FITC (clone MWReg 30, BioLegend cat. no. 133904, dilution
1:200), CD31 APC (clone MEC13.3, BioLegend cat. no. 102510, dilu-
tion 1:200), CD71 PE (clone R17217, Invitrogen cat. no. 12-0711-82,
dilution 1:200), CD51 BV711 (clone RMV-7, BD Biosciences cat. no.
740755, dilution 1:100) and a viability stain. From each individual
mouse, haematopoietic and non-haematopoietic cell fractions were
kept separate and serially sorted into the same collection tube. First,
haematopoietic cell populations were sorted on a FACSAria Il (BD):
5,000 mature haematopoietic cells (CD45.2" tdTomato* Lin*), 6,000
committed haematopoietic progenitors (CD45.2" tdTomato' Lin™ c-Kit"
Scal’) and 7,000 haematopoietic stem and multipotent progenitor
cells (CD45.2" tdTomato* Lin™ c-Kit* Scal®) into al.5-ml tube with 10 pl of
Iscove’s modified Dulbecco’s medium (IMDM) +10% FBS at 4 °C. Next,
this tube was transferred to sort non-haematopoietic cell populations
using a FACSymphony S6 instrument (BD): 2,000 endothelial cells
(CD45.2" Ter119 CD41 CD31") and 8,000 MSCs (CD45.2" Ter119- CD41°
CD31  CD71 CDS51"). Cells were immediately counted on a Countess I
automated cell counter (ThermoFisher) and 12,000 cells were loaded
ontoonelane of a10X Chromium microfluidic chip (10X Genomics).
For human scRNA-seq, targeted sequencing of matched BM and
peripheral blood was carried out by the Advanced Molecular Diag-
nostics Laboratory at the Princess Margaret Cancer Centre using a
single-molecule molecular inversion probe (SmMIP) panel encom-
passing 36 genes frequently mutated in myeloid clonal haematopoie-
sis’’. Low quality (based on assay parameters), common or germline
(based on MAF), and likely benign (based on variant type and Combined
Annotation-Dependent Depletion (CADD) score) variants were filtered
out. Individuals were designated as CHIP-positive when at least one
high-confidence variant with VAF > 2% was detected. CHIP samples
had mutations in DNMT3A, TET2, ASXL1 and/or CCARI. Processing of
femoral head tissue was performed following previously reported
procedures”. BM cells were flow-sorted to exclude haematopoietic
(CD45%), erythroid (GlyA®) and plasma (CD38") populations. The
enriched non-haematopoietic cell fraction was used for scRNA-seq.

sCRNA-seq

For mouse scRNA-seq, single-cell capture, barcoding and library prepa-
ration were performed using 10X Chromium version 3.1 NEXTGEN
chemistry according to the manufacturer’s protocol. Before sequenc-
ing, quality control of the cDNA libraries was assessed using an Agilent
4200 Tapestationset-up and quantified by KAPA qPCR. Libraries were
sequenced using an Illumina NovaSeq 6000 S4 flow cell lane targeting
6,000 barcoded cells with an average sequencing depth of 75,000 reads
per cell. llluminabase call files for all libraries were demultiplexed and
converted to FASTQs using Bcl2fastq v2.20.0.422. The Cell Ranger

pipeline (10X Genomics) was used to align reads to the mouse reference
GRCmM38.p93 (mm10 10X Genomics reference 2020-A), deduplicate
reads, call cells, and generate cell-by-gene digital count matrices.
Matrices were imported into PartekFlow (version 10.0.23.0720) for
downstreamanalysis including log transformation, principal compo-
nent analysis (PCA), graph-based clustering using the Louvain algo-
rithm from the top 18 principal components, ¢-distributed stochastic
neighbour embedding (¢-SNE) visualization, and pathway enrichment
analysis. The top 25 marker genes per cluster (Supplementary Table 1)
were cross-referenced with published scRNA-seq profiles to annotate
each population. Wild-type (+/+) and mutant (R878H) Dnmt3a tran-
scripts were identified using samtools v1.13 mpileup”, and cells were
labelled with mutation status using base functionsinRv4.2.2. The MSC
cluster was further subclustered to remove residual haematopoietic
cells using Seurat v5.3.0” in R. Differential gene expression (DGE)
analysis by genotype within each cluster was performed using the
Hurdle modelin Partek, equivalent to MAST”.

For human scRNA-seq, single-cell transcriptomic libraries were
generated using either the Chromium Next GEM Single Cell 3’ or Chro-
mium GEM-X 3’ kit (10X Genomics) and sequenced according to the
manufacturer’s protocols. Reads were aligned to the GRCh38 reference
genome with Cell Ranger. Cells containing fewer than 300 detected
genes, greater than 10% mitochondrial gene content, or identified
as doublets via scDblIFinder were excluded. scRNA-seq analysis was
performed using astandard Seurat workflow: gene expression was nor-
malized (LogNormalize), the top 2,000 variable genes were identified
(FindVariableFeatures), expression was scaled (ScaleData), and PCA
was performed (RunPCA) and used for batch correction (RunHarmony)
based on sequencing chemistry. Uniform manifold approximation and
projection (UMAP) dimensionality reduction (RunUMAP) and cluster-
ing (FindNeighbors, FindClusters) were performed using the first 20
dimensions of the batch-corrected PCA. Cluster annotation used presto
for DGE analysis combined with assessment of top marker genes. MSCs
were identified using previously published signatures” and charac-
terized based on high expression of NGFR, PDGFRA, CXCL12, LEPR,
PPARG, LPL, APOE, SPP1, NCAM1 and WIFI. For DGE analysis between
CHIP and non-CHIP samples, a pseudobulk approach was applied;
sampleswith fewer than 50 cells per population were excluded. DESeq2
was used to model CHIP status while controlling for age, obesity, sex
and sequencing chemistry’. Variance-stabilized (VST) normalized
countswere further adjusted for chemistry differences using the limma
function removeBatchEffect.

GSEA

GSEA with GO”’, Hallmark’®, Reactome’® and other curated gene
sets listed in Supplementary Table 2 was performed using GSEA
software’”*°, A separate pre-ranked GSEA was performed to test spe-
cificSASP and inflammatory signatures, as described in the following.

Senescence score computation

A composite senescence score was computed using the FRIDMAN_
SENESCENCE_UP gene set’® (77 genes upregulated during cellular
senescence). For mouse and human scRNA-seq data, per-cell module
scores were computed using the AddModuleScore functionin Seurat™
with default parameters, which calculates the average expression of the
signature genes relative to a set of randomly sampled control genes
matched forexpressionlevel. For bulk human MSC RNA-seq datafrom
co-culture experiments, per-sample scores were calculated as the mean
expression value across all signature genes detected in the dataset,
without prior per-gene standardization.

GO term biological category classification

To reduce redundancy in the GO enrichment output and facili-
tate cross-cell-type comparison, all significantly enriched GO terms
(FDR < 0.05) were assigned to one of 17 predefined biological categories
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using a keyword-based classification applied to GO term descriptions.
Categories were defined as: General Metabolism & Regulation, Develop-
ment & Differentiation, Inflammation & Immune Response, Transport &
Localization, Transcription & Epigenetics, Vesicle & Secretory Trafficking,
Cell Cycle &Proliferation, Apoptosis & Cell Death, Cytoskeleton & Motil-
ity, Signalling Pathways, Translation & Ribosome, Energy & Mitochondrial
Metabolism, Proteostasis, Lipid Metabolism, DNA Damage & Repair,
Oxidative Stress & ROS,and ECM & Cell Adhesion. Eachtermwas assigned
to the first matching category in a fixed priority order using a curated
keyword list matched against the lower-cased GO term description; terms
matching no category were retained as unclassified. Al GO terms passing
the FDR threshold were included; none were excluded after categoriza-
tion. Six categories were designated senescence-relevantbased on their
establishedrolesinsenescence and SASP: Senescence & Ageing, Cell Cycle
& Proliferation, DNA Damage & Repair, Oxidative Stress & ROS, ECM &
Cell Adhesion, and Inflammation & Immune Response. Full category
assignments and enrichment statistics are provided in the source data.

Pre-ranked GSEA for SASP and inflammatory MSC signatures
To test whether SASP and inflammatory gene signatures are differen-
tially enriched in MSCs from mice with Dnmt3a-mutant versus control
haematopoiesis, pre-ranked GSEA was performed using the GSEA
desktop application (Broad Institute, v4.3.2) in GseaPreranked mode.
All expressed genes were ranked by log,(fold change) derived from
the Hurdle model output, from most upregulated in mutant to most
upregulated in control, without filtering for significance. Five gene
sets were tested: (1) a curated SASP signature derived from published
secretory phenotype genelists; (2) aninflammatory MSC (iMSC) gene
signature adapted from Wang et al.”? comprising genes upregulatedin
BM MSCs of multiple myeloma patients compared to healthy donors,
withmouse orthologuesidentified using published one-to-one ortho-
logue mappings; (3) Hallmark IFN-a response; (4) Hallmark inflamma-
tory response; and (5) Hallmark IFN-y response (gene sets iii-v from
MSigDB v7.5). Normalized enrichment scores (NES) and FDR g-values
were calculated using 1,000 permutations; gene sets with fewer than
ten members detected in the ranked list were excluded.

Leading edge gene extraction

Leading edge subsets were extracted from the GSEA results (.edb) output
files for each gene set. For positively enriched gene sets (enrichment
score > 0), the leading edge comprises genes ranked above the peak
enrichment score position; for negatively enriched gene sets (enrich-
ment score < 0), it comprises genes ranked below that position. The
ranking score shown in Extended Data Fig. 1k is the log,(fold change)
from the pre-ranked input list, with positive values indicating higher
expressionin mutant MSCs and negative valuesindicating higher expres-
sionincontrol MSCs. Genes appearingin the leading edge of more than
one downregulated gene set are annotated as ‘Multiple’in the figure.

Ranked scatter plot of all enriched GO terms
All GO terms significantly enriched in MSC DEGs (n = 3,227 terms
at FDR < 0.05) were plotted in rank order by enrichment score on a
log-scale y axis. Each point represents one GO term, colour-coded
by biological category as defined above; terms not assigned to a
senescence-relevant category are shownin grey.

Human gene-set z-score analysis

To assess whether the dissociation between SASP and inflammatory/
iMSC signature enrichment observed in mouse MSCs is conserved in
human CHIP, gene-set z-scores were calculated from VST-normalized,
chemistry-corrected pseudobulk expression data generated from
primary human MSCs from CHIP carriers (n = 6) and non-carrier con-
trols (n=7). For each gene in each signature, expression values were
standardized across all samples by subtracting the gene mean and
dividing by the gene standard deviation. The per-sample gene-set score

was then calculated as the mean standardized value across allgenesin
the signature that were detected in the dataset. Differences between
groups were tested using an unpaired two-sample ¢ test.

MSC quantification

We evaluated staining of common markers used to define MSCs, includ-
ing CD51 BV711 (clone RMV-7, BD Biosciences cat. no. 740755, dilu-
tion 1:100), PDGFRa APC/eFluor780 (clone APAS, Invitrogen cat. no.
47-1401-82, dilution 1:50) and biotinylated LepR (R&D Systems cat.
no. BAF497, dilution 1:200) with streptavidin-BV421 (BioLegend cat.
no. 405226, dilution 1:200) (Extended Data Fig. 2b-f). Co-expression
of PDGFRa and LepR defined a population of CD51* stromal cells as
MSCs and PDGFRa* LepR™ cells were not present in gated CD31" ECs
withinthe same stained sample. Thus, we used the EC populationas an
internal negative gating control within each sample. PDGFRa" stromal
cellsarestrongly enriched for LepR" cells, whereas LepR" stromal cells
arestrongly enriched for PDGFRa" cells. This is highly consistent with
the original report by Zhou et al. showing that nearly all LepR* CD45"
Ter119” CD31" BM stromal cells were positive for PDGFRa and nearly
all PDGFRa" CD45™ Ter119- CD31 BM cells were LepR, and these MSC
populations make up ~0.3% of the whole bone marrow (WBM)®.

MSC senescence quantification

Individual senescence readouts have limited sensitivity, so we applied
rigorous complementary analyses to validate MSC senescence. We first
developed our staining strategy for detecting senescent MSCs using
wild-type young and old C57BL/6) mice (Extended Data Fig. 2g-k).
To assess marker concordance, we examined co-expression patterns
within PDGFRa* LepR* MSCs from old mice. Bcl-2* Bcl-xL* MSCs were
markedly enriched for SA-B-gal" cells, and SA-B-gal™ MSCs showed
increased representation of Bcl-2* Bcl-xL" cells. Correlation analyses
across all PDGFRa* LepR* MSCs from young and old mice revealed
significant positive correlations between SA-B-gal mean fluorescence
intensity (MFI), frequency of Bcl-xL*, frequency of Bcl-2*, and median
SSC, which was independent of MSC abundance. Gene expression
analysis on sorted MSCs from young and old mice further demon-
strated that SA-B-gal MFI strongly correlated with transcript levels
of Cdkn2a (p16), Cdknla (p21) and Trp53 (p53). Taken together, these
data confirm that SA-B-gal, Bcl-2, Bcl-xL, Cdkn2a, Cdknla and Trp53
collectively identify a coherent senescent MSC population.

As senescent mesenchymal cells marked by p16 and BCL-2 have
been demonstrated to increase with ageing®® %, we further validated
our approach of assessing MSC senescence using wild-type young and
old C57BL/6) mice (Extended Data Fig. 3a-n). In old mice, PDGFRat*
LepR" MSCs showed increased SA-f3-gal MF], increased frequency of
Bcl-xL* Bcl-2* MSCs and a higher proportion of senescent (SA-B-gal™
Bcl-xL* Bcl-2*) MSCs compared to young mice. Consistent with estab-
lished features of senescence, senescent MSCs (SA-B-gal" Bcl-xL* Bcl-2")
also exhibited increased forward scatter (size) and side scatter
(granularity) compared to non-senescent MSCs (SA-B-gal'® Bcl-xL~
Bcl-27) within the same mice. We next validated these markers using
anirradiation-induced DNA damage model. Irradiated (5 Gy) young
plé-reporter mice displayed increased SA-B-gallevelsin PDGFRa" LepR*
MSCs, a higher frequency of Bcl-xL" Bcl-2* MSCs, and an increase in
senescent MSCs (SA-B-gal" Bcl-xL* Bcl-2*) compared to non-irradiated
controls. Irradiation also induced an increase in p16-mRFP reporter
signalin MSCs. SA-B-gal"™ MSCs were enriched for p16-mRFP" cells, and
SA-B-gal" p16-mRFP" MSCs increased after irradiation. These SA-B-gal™
pl6-mRFP" senescent MSCs exhibited increased granularity and size
compared to SA-B-gal'® p16-mRFP" MSCs, mirroring the phenotype
observed using SA-f3-gal, Bcl-2 and Bcl-xL markers.

Human MSC and HSPC co-culture
Trabecular bone was minced, and mononuclear cells were extracted
by gradient separation using Ficoll. MSCs were further isolated by
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plasticadherence and cryopreserved until use. CD34" HSPCs were iso-
lated from cryopreserved MNCs using the human CD34 MicroBead Kit
(Miltenyi). For RNA-seq experiments, atotal of 0.5 x 10°CD34" cells ml™
were seeded on top of a human MSC layer at a 1:2 ratio in serum free
medium (80% IMDM with 20% BIT9500), supplemented with 10 uM
B-mercaptoethanol, 0.4% ciprofloxacin, 2% FCS-MSC graded, and
human stem cell factor (SCF; 10 ng mI™?), FIt3L (10 ng mI™) and throm-
bopoietin (TPO) (2.5 ng ml™). After 42 h of culture at 37 °C and 5%
CO,, cells were collected and sorted by FACS to isolate pure HSPC
(CD45'CD34") and MSC (CD45  CD90") populations. MSCs were used
asinput into the Prime-seq protocol®? to prepare the libraries, which
were sequenced using a NovaSeq6000 instrument. GSEA was per-
formed with counts per million (c.p.m.) values and the SAUL_SEN_
MAYO dataset™®. For SA-B-gal staining experiments, a total of 0.1 x 10°
CD34* cells ml were seeded on top of ahuman MSC layer atal:1ratio
inserum free medium (80% IMDM with 20% BIT9500), supplemented
with 10 pM B-mercaptoethanol, 0.4% ciprofloxacin and human SCF
(100 ng ml™), FIt3L (100 ng mI™) and TPO (25 ng mlI™). After six days of
culture at37 °Cand 5% CO,, MSCs were collected and stained for MSC
surface markers and [3-galactosidase by flow cytometry. For cytokine
treatment experiments, 3 x 10* hMSCs were seeded in 24-well plates
and cultured for two days withaMEM supplemented with 1% Pen/Strep,
10 Uml™heparin, 1% L-glutamine and 10% human platelet lysate. Cells
were then treated with 5 ng ml™ recombinant human TNF-« (Pepro-
Tech), 50 ng ml™ recombinant human IL-6 (PeproTech) or 10 ng mi™
recombinant human IL-1B (PeproTech) for four days. Cells were washed
with PBS and stained with 25 pl of1,000x diluted Zombie-NIR (BioLeg-
end), followed by 15-minincubation at room temperature in the dark.
Cells were then washed with FACS buffer and subjected to surface
marker antibody staining using CD105 FITC (clone SN6/N1-3A1, Ancell
cat.no.326-040, dilution1:100), CD90 PE (clone 5E10, BioLegend cat.
no. 328110, dilution 1:100) or CD90 APC (clone 5E10, BioLegend cat.
no. 328114, dilution 1:100), CD73 PE-Cy7 (clone AD2, BioLegend cat. no.
344010, dilution1:100) and CD45 eFluor450 (clone HI30, ThermoFisher
Scientific cat.no.48-0459-42, dilution 1:100). The following panel was
used for MSCs: CD45~ CD73* CD90". Cells were stained with the anti-
body cocktail for 20 min at4 °Cinthe dark.Subsequently, the Cell Event
SenescenceKit (ThermoFisher) was used for 3-galactosidase staining.
Cellswere fixed in 2% paraformaldehyde (PFA), incubated for 10 minat
roomtemperature, and stained in 0.25x staining mix solution for1 hat
37 °C without CO,. Samples were analysed using the CytoFLEX S flow
cytometer (Beckman Coulter). FlowJo V10 was used for data analysis.

Flow cytometry of mouse cells

The following surface marker combinations, using the antibodies
described above, were used for cell sorting and/or analysis: HSCs (Lin~
Sca-1" c-Kit"FIt3~CD150* CD48"), MPP“™ (Lin"Sca-1* c-Kit* F1t3” CD150"
CD48"), LSK cells (Lin™ Sca-1" c-Kit"), post-culture HSPCs (Lin™ Sca-1*
FIt3~CD150" CD48"), GMPs (Lin™ Sca-1" c-Kit* CD16/32* CD34"), B cells
(B220" CD11b™ CD3e"), T cells (CD3e* B220™ CD11b"), myeloid cells
(CD11b" B220™ CD3"), granulocytes (CD11b* B220™ CD3™ Ly6g" Lyé6c™),
in vivo MSCs (CD45™ CD41 Ter119- CD31 CD51' PDGFRa* LepR*), ex
vivo MSCs (CD45 CD41 Ter119- CD31 CD51' PDGFRa") and endothe-
lial cells (CD45™ CD41 Ter119” CD31"). Additional antibodies included
CD126 (IL6R) BUV563 (clone D7715A7, BD Biosciences cat. no. 741296,
dilution1:50), CD120a (TNFR Type 1/p55) PE (clone 55R-286, BioLegend
cat. no. 113003, dilution 1:50) and CD120b (TNFRII) PE-Vio770 (clone
REAL, Miltenyi Biotec cat. no. 130-104-746, dilution 1:50). Antibody
cocktails were incubated with BM cells for >30 min at 4 °C. For second-
ary antibody staining, cells were stained first with cell-surface antibod-
ies as described above. The cells were then washed and stained with
streptavidin-BV421 at 4 °C for 30 min. For 3-galactosidase staining,
cells were incubated with C12FDG (5-dodecanoylaminofluorescein
di-B-D-galactopyranoside, ThermoFisher) for 2 hat37 °C and washed
twice before staining with surface marker antibodies. For the CellROX

Green Reagent stain (ThermoFisher), cells were incubated with CellROX
Greenfor30 minat37 °Cand washed three times before staining with
surface marker antibodies. For the cell tracer experiments cells were
incubated with CellTrace Yellow (ThermoFisher) for 20 minat37 °Cand
washed twice before the addition of conditioned media. For experi-
ments using Bcl-xL A700 (clone 54H6, Cell Signaling Technology cat.
no. 48382S, dilution 1:100) or Bcl-xL AF488 (clone 54H6, Cell Signal-
ing Technology cat. no. 2767S, dilution 1:100), Bcl-2 PE-Vio770 (clone
REA356, Miltenyi Biotec cat. no. 130-105-475, dilution 1:20), pStat3
(Tyr705) AF488 (clone D3A7, Cell Signaling Technology cat.no.4323S,
dilution 1:100), phospho-p44/42 MAPK (Thr202/Tyr204) Alexa Fluor
647 (clone E10, Cell Signaling Technology cat. no.4375S, dilution1:100),
phospho-NF-kB p65 (Ser536) PE (clone 93H1, Cell Signaling Technology
cat.no.5733S, dilution 1:100) or phospho-AKT (Ser473) PE-CF574 (clone
M89-61, BD Biosciences cat. no. 562465, dilution1:100), BM cells were
first stained with cell-surface antibodies, then fixed and permeabilized
using the FIX & PERM cell permeabilization kit (ThermoFisher), as per
the manufacturer’sinstructions, before intracellular staining. Stained
cells were sorted using a FACSAria Il or a FACSymphony Sé6 Sorter, or
analysed on a FACSymphony A5 instrument. FlowJo V10 was used for
dataanalysis.

Real-time PCR for senescence genes

RNeasy Micro Kit (Qiagen) was used to extract whole-cell RNA.
AqRT-PCRassay was performed using Power SYBR Green PCR Master
Mix (Applied Biosystems). PCRs had a pre-amplification (50 °C/120s,
95 °C/10 min) and were then amplified for 40 cycles (95°C/15s,
60 °C/60 s), and the final step was amelt curve (95 °C/155s,60 °C/60 s
95°C/15 s) on a QuantStudio 7 Flex set-up (ThermoFisher). Messen-
ger RNA (mRNA) expression was normalized against hypoxanthine
guanine phosphoribosyltransferase (Hprt) using the comparative
cycle threshold method. Custom primers were designed and pur-
chased from Integrated DNA Technologies; sequences are shown in
Supplementary Table 4.

Mouse peripheral blood analysis

Peripheral blood was collected from mice viaretro-orbital bleed. Red
blood cellswerelysed, and cells were stained with CD45.1BV650 (clone
A20, BioLegend cat. no. 110736, dilution 1:200), CD45.2 A700 (clone
104, BioLegend cat.no.109822, dilution1:50), B220 BUV496 (clone RA3-
6B2,BD Biosciences cat. no. 612950, dilution 1:200), CD3e PerCP-Cy5.5
(clone 145-2Cl11, BioLegend cat. no. 100328, dilution 1:200), CD11b
APC-Cy7 (clone M1/70, BioLegend cat. no. 101266, dilution 1:200),
Ly6g APC (clone 1A8, BioLegend cat. no. 127614, dilution 1:200), Ly6c
BV605 (clone HK1.4, BioLegend cat.no.128035, dilution 1:200), F4/80
PE-Cy7 (clone BMS, Invitrogen cat. no. 25-48017°82, dilution 1:200) and
Ter119 BV421 (clone Terl19, BioLegend cat. no. 116233, dilution 1:50).
Datawere captured using an LSRIlinstrument (BD) and analysed using
FlowJo V10. Complete blood counts were performed on whole blood
using an Advia120 Hematology Analyzer (Siemens).

Luminex analysis

For multiplexed ELISA (Luminex) experiments following transplant with
Dnmt3a™¥8"* Mx-Cre BM, one femur and one tibiawere cutin halfthen
spuninto100 pl of PBS. For experiments using conditioned media, BM
was prepared by isolating, filtering and crushed pooled tibias, femurs
and iliac crests of each mouse. Haematopoietic stem and progenitor
cells were isolated using CD117 MicroBeads, mouse (Miltenyi), and
cultured in StemSpan SFEM Il (StemCell Technologies) and 10 ng ml™*
recombinant murine SCF (StemCell Technologies) for seven days. Cells
were centrifuged at 300gfor 5 minat4 °C, then the supernatant was col-
lected and spun againat1,300gfor10 minat4 °Ctoisolate conditioned
medium. For SASP analysis, HSPC CM was collected as described above
and placed on 75,000 MSCs in a 24-well plate for seven days. The HSPC
CMwas thenwashed off and replaced with normal MSC growth medium
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for three days. The medium was collected and centrifuged at 300g for
Sminat4 °Candthe supernatant was collected and spunagainat1,300g
for10 min at4 °Cbefore analysis. Custom Luminex assays were used to
assess analyte levels including mouse GDF-15, IL-6, TNF-a, IL-1a, IL-1j3,
MMP3, OPN, G-CSF and CXCL12 (R&D Systems).

Mouse cell line and primary cell culture

Cell culturewas carried out in 5% CO, inahumidified incubatorat 37 °C.
MSCs wereisolated from mouse BM by adherence to tissue culture plas-
ticand expanded in minimum essential media (MEM) containing 20%
FBS plus 1% Pen/Strep as described previously®’. MSC marker expres-
sion (CD45 Ter119™ CD51" CD31°) was confirmed by flow cytometry.
ABM endothelial cell line (BMEC, obtained from). Butler) was cultured
in low-glucose DMEM and Ham'’s F-12 (1:1 ratio), supplemented with
20% heat-inactivated FBS, 1% Pen/Strep, 1% nonessential amino acids
(Gibco), 10 mM Hepes (Gibco), 100 pg ml™ heparin (Sigma-Aldrich)
and 50 pg ml™ endothelial growth factor (Sigma-Aldrich), as previously
described®. HSPCs were isolated using CD117 MicroBeads, mouse
(Miltenyi). MSCs or BMECs were seeded at adensity of 75,000 cellsina
24-well plate in normal growth medium. Once 70% confluent, 0.1 x 10°
HSPCs were then co-cultured with the MSCs or BMECs for seven days.
Following this co-culture, haematopoietic cells were washed from
MSCs and BMECs prior to analysis, and cell surface marker staining of
CD45wasincorporated to exclude any residual haematopoietic cells.
HSPCs were removed and analysed by flow cytometry. MSCs were ana-
lysed by flow cytometry, or RNA was extracted for qPCR. For transwell
assays, MSCs were seeded at adensity of 75,000 cellsin a24-well plate
in normal growth medium. Once 70% confluent, 0.1 x 10° HSPCs were
seeded in transwells on top of the MSCs for seven days. MSCs were
then analysed by flow cytometry, or RNA was extracted for qPCR. For
conditioned media cultures, HSPCs were cultured in StemSpan SFEM
11 (StemCell Technologies) and 10 ng ml™ recombinant murine SCF
(StemCell Technologies) for seven days. Cells were centrifuged at 300g
for5minat4 °C, thenthe supernatant was collected and spun againat
1,300g for 10 min at 4 °C to isolate conditioned medium (HSPC CM).
HSPC CM was placed on 75,000 MSCs in a 24-well plate for seven days
and analysed by flow cytometry and qPCR. For cell tracer experiments,
cellswere seeded at adensity of 50,000 cellsin a 24-well platein normal
growth medium. After 24 h, cells were stained with CellTrace Yellow,
the stain was washed off,and HSPC CM was added for seven days. MSCs
were analysed by flow cytometry. For cytokine treatment, MSCs were
seeded at a density of 75,000 cells in a 24-well plate in normal growth
medium. MSCs were then treated with 1 ng mI™ or 5 ng ml™ recombi-
nant murine TNF-a (PeproTech), 50 ng ml™ recombinant murine IL-6
(StemCell Technologies), 3 ng ml™ recombinant murine IL-1a (Pep-
roTech) or 3 ng ml™ recombinant murine IL-1§ (PeproTech) for seven
days and analysed by flow cytometry. For inhibitor assays, MSCs were
cultured with HSPC CM for five days with 10 ug ml™ elsilimomab (Med-
ChemExpress), 1 pg ml™ etanercept (Millipore Sigma) or 5 pM Stattic
(MedChemExpress). MSCs were then analysed by flow cytometry.

Senescence -galactosidase assay

Asenescence 3-galactosidase stainingkit (Cell Signaling Technology)
was used to detect senescence-associated B-galactosidase (SA-B-gal)
in MSCs. MSCs were seeded at a density of 75,000 cells in a 24-well
plate. HSPC CM was placed on for five days and stained using the
SA-B-gal stainingkit following the manufacturer’sinstructions. Imag-
ing data were collected using a Leica Dmil microscope at 20 magni-
fication. Five randomly selected non-overlapping optical fields per
wellwere analysed for SA-B-gal + MSC area using ImageJ, following an
established protocol®*.

Irradiation for senescence induction
p16-3MR mice received a single dose of sublethal irradiation (5 Gy).
Control non-irradiated p16-3MR mice were placed in the irradiator for

the same period withoutirradiation. Mice were housed for eight weeks
post-irradiation before BM harvest and analysis by flow cytometry.

Targeting senescent cells in vivo

In the p16-3MR model, 25 mg kg™ d* ganciclovir (MedChemExpress;
in PBS) was administered by i.p. injection for five consecutive days to
deplete pl6-expressing cells. ABT-263 (Selleck; in ethanol:polyethylene
glycol400:Phosal 50 PG ataratio 0of10:30:60) was administered to mice
by oral gavage at 50 mg kg™ d* for seven days followed by 14 days off,
repeated twice, then 5 mg kg™ d ' dasatinib (Selleck) and 50 mg kg™ d™
quercetin (Selleck) (D + Q) (in10% PEG 400/saline) or vehicle control
was administered to mice by oral gavage for three days followed by
four days off, repeated for four weeks.

CFU assay

BM cells or HSPCs (ckit") were plated in MethoCult GF M3434 medium
(StemCell Technologies) and cultured at 37 °C and 5% CO,. Colonies
werescored 7-10 days post plating using aNikon Eclipse TS100 inverted
microscope. For CFU replating assay, colonies were harvested, and
1.5 x10* cells were replated in MethoCult GF M3434.

Statistics and reproducibility

No statistical method was used to predetermine sample size. No data
were excluded from the analyses. The experiments were not rand-
omized except where noted above. The investigators were not blinded
to allocation during the experiments and outcome assessment except
where noted above. For ex vivoimaging experiments, investigators were
blinded to mouse genotypes prior to and during dataanalysis. For mouse
experiments, animals were randomly assigned to experimental groups.
All statistical tests were performed using Prism 9 software (GraphPad)
as described in the figure legends. Data distribution was assumed to
be normal, but this was not formally tested. Differences among group
means were considered significant whenthe probability value was <0.05.
Samplesize (n) represents number of biological replicates.

Reporting Summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this Article.

Data availability

All data supporting the findings in this study are available within the
Article, Supplementary tables and source data files. Sequencing data
that support the findings of this study have been deposited in the Gene
Expression Omnibus (GEO) under accession codes GSE240686 (mouse
scRNA-seqdatashowninFig.1)and GSE299122 (humanbulk RNA-seq data
showninFig.3e-g),and the source datafor human MSC scRNA-seq shown
inFig.1g,hareprovidedinthesource datafile for Fig. 1. All other datasup-
porting the findings of this study are available from the corresponding
authoronreasonable request. Source dataare provided with this paper.
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Extended Data Fig. 1| See next page for caption.
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Extended DataFig. 1| Additional analysis of single-cell RNA-seq from mice with
control or Dnmt3a-mutant hematopoiesis, and SASP versus inflammatory
MSCsignatures in mouse and human CH. (a) Representative PCR genotyping
showing wild-type (WT), floxed (fl-R878H) and Cre-recombined (R878H) alleles
in Dnmt3a®*"®"* Mx-Cre peripheral blood. (b) Frequency of donor (CD45.2"
tdTomato®) hematopoietic cells (left), HSPCs (centre) and HSCs (right) in the

BM of recipient mice transplanted with Dnmt3a®**"* or control Fgd5-CreER
hematopoietic cells. P values determined by two-tailed Mann-Whitney test (n = 4
biological replicate recipient mice per condition). (c) Transcript expression of
genes defining hematopoietic (Ptprc), MSC (Lepr, Pgfra), Osteoblast (Bgalp2,
Collal),EC (Pecaml), Arteriolar EC (Cavl) and Sinusoidal EC (Stab2) clusters
identified by scRNA-seq. Cells shown are from n = 4 biological replicate recipient
mice per condition. (d) Frequency of annotated cell clusters in mice with control
or Dnmt3a*¥"*"* hematopoiesis. Labels are defined in Fig. 1b. P values determined
by two-way ANOVA with uncorrected Fisher’s LSD (n = 4 biological replicate
recipient mice per condition). Non-significant p values (P > 0.05) not shown.

(e) Normalized enrichment score of DEGs in hematopoietic cell populations in
Dnmt3a™®"" versus control hematopoiesis (n = 4 biological replicate recipient
mice per condition). All dots are FDR < 0.05. (f) Frequency of HSPCs with wild-
type (+/+) or mutant (R878H/+) Dnmt3a transcripts detectable by scRNA-seq

(n=4Dbiological replicate recipient mice per condition). Bar graphs show mean
+/-SEM. (g) Ranked scatter plot of all GO terms significantly enriched in MSC
DEGs from mice with Dnmt3a®**"* versus control hematopoiesis (n = 4 biological
replicate recipient mice per condition). (h) Expression (transcripts per cell) of
Cdknla, Cdkn2a, Tp53 and Mmp14.in MSCs from mice with control or Dnmt3a™s"*
hematopoiesis. P values determined by unpaired, two-tailed ¢ test with Welch’s
correction of per-cell values (n = 4 biological replicate mice per condition).
Non-significant p values (P > 0.05) not shown. (i) Expression of CDKN1A, CDKN2A,
TP53,and MMPI4in human MSCs from CHIP carriers or non-carriers. P values
determined by unpaired, two-tailed ¢ test of per-sample mean values (n=7
non-carrier individuals, n = 6 CHIP carrier individuals). Non-significant p values
(P>0.05) not shown. (j) Pre-ranked gene set enrichment analysis (GSEA) of DEGs
inmice with Dnmt3a®"*"* versus control hematopoiesis. n = 4 biological replicate
mice per condition. Normalized enrichment scores (NES) and FDR g-values were
calculated using 1,000 gene set permutations in GSEA software. (k) Lollipop plot
showing the ranking score for leading edge genes from GSEAin (j). n =4 biological
replicate mice per condition. Inbox plots, the box represents the interquartile
range, the medianisindicated by the line inside the box and whiskers extend to the
minimum and maximum values. Violin plots show the distribution of single-cell
expression values; the line indicates the mean.
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Extended DataFig. 2| Representative flow cytometry gatingand young and old MSCs. (h) Representative histograms of SA-b-gal staining in FMO
multi-parameter validation of MSC and senescence markers. (a) Representative control, whole BM, and Bcl-xL™Bcl-2” MSCs and Bcl-xL* Bcl-2* MSCs from old mice.
gating of BM hematopoietic cells. (b) Representative gating used to identify and (i) Representative staining of Bcl-xL and Bcl-2in unstained, SA-b-gal™ and SA-b-gal®
isolate mesenchymal stromal cells (MSCs) and endothelial cells (ECs) in vivo or MSCs. (j) Correlation between senescence markers assessed by flow cytometry.
after co-culture with control or Dnmt3a™¥*"* HSPCs. (c) Representative staining of Statistical analysis was performed by two-sided Pearson correlation (n = 5 biological
LepR and PDGFRainwhole viable bone marrow. (d) Representative histograms of replicate mice per condition). P values shownin source data file. (k) Correlation

PDGFRaand LepR staining in ECs and stroma. (e) Representative histogramsof LepR  between transcript expression of senescence markers in MSCs with respective MFI
stainingin PDGFRa* and PDGFRa™ stroma. (f) Representative histograms of PDGFRa of SA-b-gal. Statistical analysis was performed by two-sided Pearson correlation
stainingin LepR*and LepR™ stroma. (g) Representative histograms of SA-b-gal, (n=>5biological replicate mice per condition). P values shown in source datafile.
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Extended Data Fig. 3 | Evaluation of multi-parameter MSC senescence
assessment in positive control mouse models of ageing- and
irradiation-induced senescence. (a) Experimental design evaluating
senescence of MSCs (CD45 Ter119-CD31 CD51* PDGFRa* LepR*) inyoung
(3mo) and old (24mo) wild-type C57BL/6 ) mice. (b) Representative histogram
(left) and MFI (right) of SA-b-gal in MSCs in young and old mice. P value
determined by two-tailed Mann-Whitney test (n = 6 biological replicate mice per
condition). (c) Representative Bcl-2 and Bcl-xL staining for young (left) and old
(centre) MSCs. Frequency (right) of Bcl-xL" Bcl-2* MSCs. P value determined by
two-tailed Mann-Whitney test (n = 6 biological replicate mice per condition).
(d) Representative Bcl-2 and Bcl-xL staining (left) and representative SA-b-gal
histogram (centre). Frequency of senescent (SA-b-gal" Bcl-xL* Bcl-2*) MSCs
(right) inyoung and old mice. P value calculated by two-tailed Mann-Whitney
test (n = 6 biological replicate mice per condition). (e) Median FSC (left) and
SSC (right) of non-senescent (SA-b-gal' Bcl-xL™ Bcl-27) and senescent (SA-b-gal™
Bcl-xL* Bcl-2*) MSCs from old mice. P values determined by Mann-Whitney test
(n=6Dbiological replicate mice per condition). (f) Schematic of experimental
design evaluatingirradiation-induced senescence of MSCs (CD45™ Ter119- CD31
CD51" PDGFRa‘* LepR*) in p16™**-3MR mice. (g) Representative histogram (left)
and MFI (right) of SA-b-gal in MSCs from control and irradiated p16-3MR mice.
P value determined by two-tailed Mann-Whitney test (n = 5 biological replicate

mice per condition). (h) Frequency of Bcl-xL* Bcl-2* MSCs from control and
irradiated p16-3MR mice. P value determined by two-tailed Mann-Whitney

test (n=5biological replicate mice per condition). (i) Frequency of senescent
MSCs (SA-b-gal" Bcl-xL* Bcl-2*) in control and irradiated p16-3MR mice. P value
determined by two-tailed Mann-Whitney test (n = 5 biological replicate mice
per condition). (j) Representative histogram (left) and MFI (right) of p16 mRFP
inMSCs from control and irradiated p16-3MR mice. P value determined by
two-tailed Mann-Whitney test (n = 5biological replicate mice per condition).
(k) Representative histogram of p16 mRFP in unstained, SA-b-gal'® and SA-b-gal™
MSCs. (I) Frequency of senescent MSCs (SA-b-gal" p16-mRFP") in control and
irradiated p16-3MR mice. P value determined by two-tailed Mann-Whitney

test (n =5 biological replicate mice per condition). (m) Median SSC (left) and
FSC (right) of non-senescent (SA-b-gal® p16 mRFP®) and senescent (SA-b-gal"
p16 mRFP") MSCs. P value determined by two-tailed Mann-Whitney test (n =5
biological replicate mice per condition). (n) Median SSC (left) and FSC (right) of
non-senescent (SA-b-gal' Bcl-xL™Bcl-2") and senescent (SA-b-gal™ Bcl-xL* Bcl-2*)
MSCs. P value determined by two-tailed Mann-Whitney test (n = 5 biological
replicate mice per condition). Each dot represents anindividual biological
replicate mouse. For box plots, the box represents the interquartile range,

the medianisindicated by the line inside the box and whiskers extend to the
minimum and maximum values.

Nature Cell Biology


http://www.nature.com/naturecellbiology

Article

https://doi.org/10.1038/s41556-026-02025-4

s . 2 3
a b 0.0159 c 0.0079 00079 d 2 % &n 3 2 %
Dnmt3aor 15+ 20 0.0159 50000 - 60000~ ? 39 g 8§ §&§ ®
DnmtaaR87BH/+ » - <‘ ﬂ; cg g .8 ﬂ;
(6] 40000 [&] ] ES = = = ES
Mx-Cre 8 & 154 g ‘ g 1.0
@0 10 o < 400004 SA-B-gal MFI =
= g 5 30000- 5 f-ga =
- S
3mo b & 10 2 i @ % BOL-xL+ 05%
o S 20000 - o
8 54 a 5 § 20000 . 5
P 2 a ® 54 & 2 100004 3 % BCL-2+ o N
Lepr+ Pdgfro* = = . g
MSCs 0 0 0 0 Median SSC §
= Control hematopoiesis 1 Non-senescent MSCs in R878H/+ Median FSC 0.5
R878H/+ hematopoiesis [ Senescent MSCs in R878H/+
% Pdgfra+
. -1.0
e f  0.08 g 300 h 64 i
Dnmt3a*or EC 3 & Dnmt3a™ or 23007 0.0450
Dnmt3gRersH+ E 0.064 ué 250 8 g Dnmt3aRe7sHi+ MSC 8 %
Mx-Cre 2 - £ W+ 4 Fgd5-CreER 2 2200 -I—
K S L - S X =
= 0.04- 3 = 200 88 O = T b4
8mo @ o 2= 3mo 3 S 21004 o
(&} % o © 2 o 3
* W o.02 < 150 29 @ + S
A ® o T A < 2000
CD31~ SA-p-gal e Lepr* Pdgfr ‘ s
] | e | n o
ECs 0.00 100 0 MSCs SA-p-gal g0
|- Control hematopoiesis R878H/+ hematopoiesisl I-I Control [ R878H/+|
0.0126
kK g4 00007 | 4o_ 20 M 50000 0.0407 00264 n 300 0 _ 207
5 ° 00189 60000 1 EC ” 5
» = . O iy
g & ¥ 88 =] 8 15 o 2 60000 o O 2 250 3 8 1.5
S+, 44 17} ® 2 2 I= o © Wi+ °
X = 6 = _} 5 50000+ T E = 4
83 '3" b r 0 107 Q 40000 3 £ L0 T £ 31093 2
= Oy . = 7] 7] © =
£% 2 g4° & : 2 g B |° 5% T
8 o R %e 2 200004 P § 400001 & o o ®
@@ ® 5 s 54 ° 3 .g _E_ < 1504 R & 0.5+
<< b= 2 M n <
%) SA-p-gal @
0 0 0 0 30000 - 100 44— 0.0-
|I- Control 1 R878H/+| 1 Non-senescent MSCs in R878H/+ ||- Control [0 R878H/+|
I Senescent MSCs in R878H/+
P pnmitzator 9 r 0.0006 S A 0.0279
DnmtgaFess 157 84 00070 100000 00006 400000~ g:,’;f;mﬁL 30— 00457 -
Fgd5-CreER 3 3 a
g 2 00379 4 o | $ 80000 . 3 80000+ Mx-Cre 8 @
3 o] = s @ 50 2
@ 10 1 & e = 220 D 10
2-5mo = ‘ = S 60000~ S 60000~ >amo ; =
By & 5 4 2 2 Y &
= % D 40000 U 40000 BMy a a
@ 5- @ § < 8 104 o 54
® ® 24 8 20000 8 20000 R ®
wil?in;;’pe = = 3mo
busulfan- 0 0 U — 0- \gﬂgu?flgr? 0 0
conditioned [=3_control R878H/+ | —INon-senescent MSCs in R878H/+ conditioned [E3 Control = R878H/+ |
I Senescent MSCs in R878H/+
y <0.0001 y X v
100000 150000+ Dnmt3a*™*or _ 0.0074 40- -
a o <0.0001 D3 Mx-Cre 40 g 807 ooont
g 80000 ‘é = ] a0 <0.0001 ;
3 60000+ .8100000— ' CD45.2 £ 8 % 2 40
3 ? BM x 3d + p £ 20- Y
40000 la) : I
g § 50000 a3 ¢ o, 2 & 20-
Cd
§ 20000 § [1Non-senescent MSCs in R878H/+ wild-type o O 104 ‘\30 [ Control
=1 Senescent MSCs in R878H/+ CD45.1+ E ® éii ° é B R878H/+
0- 0 no conditioning 0- 0- 0

Extended Data Fig. 4 | See next page for caption.
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Extended Data Fig. 4| Additional experiments interrogating MSC senescence
induction by Dnmt3a-mutant hematopoiesis in vivo. (a) Schematic of steady
state experimental design using Dnmt3a***"* Mx-Cre and control Mx-Cre

mice. Mice were evaluated > 5 weeks after Mx-Cre induction using poly(I:C).

(b) Frequency of Bcl-xL* (left) and Bcl-2* (right) in MSCs from control and
Dnmt3a®*”*"* mice. P values calculated by two-tailed Mann-Whitney tests

(n=4 control, n=5Dnmt3a**"*"* biological replicate mice). (c) Median SSC

(left) and FSC (right) of non-senescent (SA-b-gal" Bcl-xL™ Bcl-27) and senescent
(SA-b-gal" Bcl-xL* Bcl-2*) MSCs from Dnmt3a™’*"* mice. P values calculated

by two-tailed Mann-Whitney tests (n = 4 control, n = 5 Dnmt3a*’*"* biological
replicate mice). (d) Correlation between senescence markers in MSCs in control
and Dnmt3a®*"*"* mice. Significance values determined by two-tailed Pearson
correlation (n =4 control, n =5 Dnmt3a"*"*"* biological replicate mice). P values
showninsource datafile. (e) Schematic of steady state experimental design
using Dnmt3a™*"*"* Mx-Cre and control Mx-Cre mice. Mice were evaluated > 5
weeks after Mx-Cre induction using poly(1:C). (f) Frequency of ECs (CD45 Ter119~
CD31%) in control and Dnmt3a™*"*"* recipient mice. Not significant (P > 0.05)

by two-tailed Mann-Whitney test (n = 4 control, n =5 Dnmt3a***"* biological
replicate mice). (g) Representative histogram (left) and MFI (right) of SA-b-gal

in ECs from control and Dnmt3a™*®"* recipient mice. Not significant (P > 0.05)

by two-tailed Mann-Whitney test (n = 4 control, n = 5 Dnmt3a***"* biological
replicate mice). (h) Frequency of senescent ECs in control and Dnmt3a®s"#"*
recipient mice. Not significant (P > 0.05) by two-tailed Mann-Whitney test (n = 4
control, n=>5Dnmt3a***"* biological replicate mice). (i) Schematic of steady
state experimental design using Dnmt3a***"* Fgd5-CreER and control Fgd5-
CreER mice. Mice were evaluated > 5 weeks after FgdS-CreER induction using
tamoxifen. (j) Representative histogram (left) and MFI (right) of SA-b-gal in MSCs
from control and Dnmt3a®"*"* recipient mice. P value determined by unpaired,
two-tailed t test (n = 3 biological replicate mice per condition). (k) Frequency of
senescent MSCs in control and Dnmt3a™¥"* recipient mice. P value determined
by unpaired, two-tailed ¢ test (n = 3 biological replicate mice per condition).

(I) Frequency of Bcl-xL* (left) and Bcl-2* (right) MSCs in control and Dnmt3a®s#*
recipient mice. P values determined by unpaired, two-tailed ¢ test (n = 3 biological
replicate mice per condition). (m) Median SSC (left) and FSC (right) of non-
senescent (SA-b-gal® Bcl-xL™ Bcl-2") and senescent (SA-b-gal™ Bcl-xL* Bcl-2*) MSCs

from Dnmt3a"*"*"* recipient mice. P values determined by unpaired, two-tailed
ttest (n =3 biological replicate mice per condition). (n) Representative histogram
(left) and MFI (right) of SA-b-gal in ECs from control and Dnmt3a®"*"* recipient
mice. Not significant (P > 0.05) by unpaired, two-tailed ¢ test (n = 3 biological
replicate mice per condition). (0) Frequency of senescent ECs in control and
Dnmt3a®¥""" recipient mice. Not significant (P > 0.05) by unpaired, two-tailed
ttest (n =3 biological replicate mice per condition). (p) Schematic of busulfan-
conditioned transplant experimental design using Dnmt3a"*"*"* Fgd5-CreER
and control Fgd5-CreER donor mice. Transplant was performed > 5 weeks after
Fgd5-CreER induction using tamoxifen. (q) Frequency of Bcl-xL" (left) and Bcl-2*
(right) MSCs in control and Dnmt3a®*"*"* recipient mice. P value determined

by two-tailed Mann-Whitney test (n = 7 biological replicate recipient mice per
condition). (r) Median SSC (left) and FSC (right) of non-senescent (SA-b-gal®
Bcl-xL™Bcl-27) and senescent (SA-b-gal" Bcl-xL* Bcl-2*) MSCs in and Dnmt3a™s"+
recipient mice. P values determined by Mann-Whitney test (n = 7 biological
replicate recipient mice per condition). (s) Schematic of busulfan-conditioned
transplant experimental design using Dnmt3a***"* Mx-Cre or control Mx-Cre
donor mice. Transplant was performed > 5 weeks after poly(l:C) treatment of
donor mice. (t) Frequency of Bcl-xL" (left) and Bcl-2" (right) MSCs in control and
Dnmt3a®*"*"" recipient mice. P values determined by unpaired, two-tailed ¢ test
(n=10 biological replicate recipient mice per condition). (u) Median SSC (left)
and FSC (right) of non-senescent (SA-b-gal'® Bcl-xL™Bcl-2") and senescent (SA-
b-gal" Bcl-xL* Bcl-2*) MSCs in Dnmt3a®*"* recipient mice. P values determined
by unpaired, two-tailed ¢ test (n = 10 biological replicate recipient mice per
condition). (v) Schematic of non-conditioned transplant experimental design
using Dnmt3a®¥"*"* Mx-Cre and control Mx-Cre donor mice. Transplant was
performed > 5 weeks after poly(I:C) treatment of donor mice. (w-y) Frequency
of donor (CD45.2") cells in the (w) BM, (x) HSPCs, and (y) HSCs of recipient mice
at 60 weeks post-transplant. P values determined by unpaired, two-tailed ¢ test
with Welch'’s correction (n = 8 biological replicate recipient mice per condition).
Dots representindividual biological replicate mice. Datain (j-0) include
horizontal lines representing mean +/- SEM. In box plots, the box represents
theinterquartile range, the medianis indicated by the line inside the box and
whiskers extend to the minimum and maximum values.
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Extended DataFig. 5| Tet2-knockout hematopoiesis induces MSC senescence
invivo. (a) Schematic of steady state experimental design using Tet2°Scl-CreER
and control Scl-CreER mice. Mice were evaluated > 5 weeks after Scl-Cre
induction using tamoxifen. (b) Representative histogram (left) and MFI (right)

of SA-b-galin MSCs (CD45™ Ter119- CD31” CD51' PDGFRa* LepR") in mice with
control or Tet2*° hematopoiesis. P value determined by unpaired, two-tailed ¢ test
(n=>5biological replicate mice per condition). (c) Frequency of senescent MSCs
in mice with control or Tet2“° hematopoiesis. P value determined by unpaired,
two-tailed t test (n = Sbiological replicate mice per condition). (d) Frequency of
Bcl-xL* (left) and Bcl-2* (right) MSCs in mice with control or Tet2*° hematopoiesis.
P values determined by unpaired, two-tailed ¢ test (n = 5 biological replicate mice
per condition). (e) Median side scatter (SSC) (left) and forward scatter (FSC)

(right) of non-senescent MSCs (SA-b-gal'° Bcl-xL™ Bcl-27) and senescent MSCs
(SA-b-gal" Bcl-xL* Bcl-2") in Tet2X° mice. P values determined unpaired, two-tailed
ttest (n=>5biological replicate mice per condition). (f) Representative histogram
(left) and MFI (right) of SA-b-gal in ECs (CD45™ Ter119~ CD31") in mice with control
or Tet2*° hematopoiesis. Not significant (P > 0.05) by unpaired, two-tailed

ttest (n=>5biological replicate mice per condition). (g) Frequency of senescent
ECs in mice with control or Tet2“° hematopoiesis. Not significant (P > 0.05) by
unpaired, two-tailed ¢ test (n = 5 biological replicate mice per condition). Dots
represent individual biological replicate mice. Inbox plots, the box represents
theinterquartile range, the medianis indicated by the line inside the box and
whiskers extend to the minimum and maximum values.
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Extended Data Fig. 6 | See next page for caption.
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Extended DataFig. 6 | Additional data on senescence inductionin MSCs and
itsimpact on wild-type and Dnmt3a-mutant hematopoiesis. (a) Schematic
for the co-culture experimental design of control or Dnmt3a*#"* Mx-Cre
HSPCs with wild-type MSCs or BMECs. HSPCs were isolated > 5 weeks after
Mx-Cre induction using poly(I:C). (b) Number of adherent CD45~ MSCs (left)
and CD45" hematopoietic cells (right) after co-culture. P values determined by
unpaired, two-tailed ¢ tests with Welch’s correction (n = 16 biological replicates).
Non-significant p values (P > 0.05) not shown. (c) Number of adherent CD45"
BMECs (left) and CD45" hematopoietic cells (right) after co-culture. Non-
significant (P> 0.05) by unpaired, two-tailed ¢ tests with Welch’s correction
(n=16Dbiological replicates). (d) Schematic of transwell experimental design
using control or Dnmt3a**""* Mx-Cre HSPCs and wild-type MSCs. HSPCs were
isolated > 5 weeks after Mx-Cre induction using poly(I:C). (e) Representative
histogram (left) and MFI (right) of SA-b-gal in MSCs (CD45  CD31 CD51*
PDGFRa’) after transwell co-culture with control or Dnmt3a®*"* HSPCs. P value
determined by unpaired, two-tailed t test (n = 7 control, n = 8 Dnmt3a**"s"*
biological replicates). (f) Relative expression of Cdknlain MSCs after co-culture
with control or Dnmt3a***¥* HSPCs, normalized to Hprt expression. P value
determined by unpaired, two-tailed ¢ test with Welch’s correction (n =12
control, n=11Dnmt3a"®"* biological replicates). (g) Schematic of cell tracer
experiment to track replication of MSCs after exposure to CM from control or
Dnmt3a®*"*"* HSPCs. (h) Frequency of MSCs without cell division after 7-day
exvivo culture with CM from control or Dnmt3a®**"* HSPCs. P value determined by
unpaired, two-tailed ¢ test (n = 6 biological replicates). (i) Heatmap of transcript
expression z-scores for genes encoding putative secreted proteins in control and

Dnmt3a®*"*"* HSCs (n = 4 biological replicate mice). ** symbol denotes proteins
detected in HSC/MPP. (j) Schematic of experimental design to determine

SASP factors produced from MSCs after treatment with CM from control or
Dnmt3a®*"*"* HSPCs. (k) Concentration of MMP3 (left), S100a9 (middle) and
TNFa (right) produced by MSCs after treatment with control or Dnmt3a®*"*"* CM.
P values determined by ratio-paired, two-tailed ¢ tests (n = 5Sbiological replicates
per condition). Non~significant p values (P > 0.05) not shown. (I) Schematic of
experimental design to test the effect of senescent MSCs on wild-type HSPCs
exvivo. (m) Frequency of wild-type HSCs (Lin™ Sca-1* FIt3~ CD150" CD48", left)
and GMPs (Lin"Sca-1" c-Kit* CD16/32* CD34", right) after 7-day co-culture with
nonsenescent or senescent MSCs. P values determined by unpaired, two-tailed
ttest (n=4 Dbiological replicates per condition). (n) Schematic of experimental
design to test the effect of senescent MSCs on wild-type hematopoiesis in vivo.
(0) Frequency of wild-type (CD45.1°) HSCs (Lin™ Sca-1" ¢c-Kit" FIt3” CD150" CD48",
left) and GMPs (Lin” Sca-1" c-Kit* CD16/32* CD34", right) in mice with control or
Dnmt3a®*’*"* hematopoiesis. P values determined by unpaired, two-tailed t test
with Welch'’s correction (n = 8 biological replicates per condition). (p) Schematic
of experimental design to test the effect of senescent MSCs on Dnmt3a™8"+
hematopoiesis ex vivo. (q) Frequency of HSCs (Lin™ Sca-1" FIt3” CD150* CD48",
left) and GMPs (Lin" Sca-1" c-Kit* CD16/32" CD34", right), after 7-day co-culture
of control or Dnmt3a®¥*"* HSPCs with wild-type MSCs. P values determined

by unpaired, two-tailed ¢ test (n =17 control, n = 21 Dnmt3a**"*"* biological
replicates). Dots represent individual biological replicate mice. Inbox plots, the
box represents the interquartile range, the median s indicated by the lineinside
the box and whiskers extend to the minimum and maximum values.
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Extended Data Fig. 7| Additional data on TNF and IL-6 receptor levels and
phosphorylation of signalling intermediates in MSCs. (a) Schematic of steady
state experimental design using control or Dnmt3a***""* Mx-Cre mice. Mice
were evaluated > 5 weeks after Mx-Cre induction using poly(I:C). (b) Frequency
of TNFRI" (left), TNFR2" (centre), and IL-6R" (right) MSCs (CD45™ Ter119” CD31"
CD51' PDGFRa* LepR*) in control and Dnmt3a®*"* mice. P values determined by
two-tailed Mann-Whitney tests (n = 5 biological replicate mice per condition).
Non-significant p values (P > 0.05) not shown. (c) MFl of phospho-proteins
pNF-kB (left), pMAPK (centre), and pAKT (right) in MSCs in control and
Dnmt3a**"*"* mice. Not significant by two-tailed Mann-Whitney test (n =5

biological replicate mice per condition). (d) Schematic of busulfan-conditioned
recipient mice in transplant experimental design using control or Dnmt3a®*"*
Mx-Cre donor mice. Transplant was performed > 5 weeks after poly(I:C)
treatment of donor mice. (e) MFI of phospho-proteins pNF-kB (left), pMAPK
(centre), and pAKT (right) in MSCs from mice with control or Dnmt3a®78"/*
hematopoiesis. Not significant by two-tailed Mann-Whitney test (n =10
biological replicate recipient mice per condition). Dots represent individual
biological replicate mice. In box plots, the box represents the interquartile range,
the medianis indicated by the line inside the box and whiskers extend to the
minimum and maximum values.
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Extended Data Fig. 8| Additional data on p16-3MR controls and data
showing ABT-263 does not directly target Dnmt3a-mutant hematopoietic
cells. (a) Representative histogram (left) and MFI (right) of p16-mRFP in MSCs
(CD45 Ter119 CD31" CD51° PDGFRa* LepR*) in p16-3MR mice with control or
Dnmt3a**"*"* hematopoiesis after treatment with vehicle or GCV. P values
determined by one-way ANOVA with Tukey’s multiple comparisons test (n=5
control vehicle, n =4 control GCV, n = 5 Dnmt3a®*"*""* vehicle, n = 7 Dnmt3a**"*"*
GCV biological replicate recipient mice). Non-significant p values (P > 0.05) not
shown. (b) Frequency of Bcl-xL" (left) and Bcl-2* (right) MSCs in p16-3MR mice
with control or Dnmt3a®**"* hematopoiesis after treatment with vehicle or GCV.
P values determined by one-way ANOVA with Tukey’s multiple comparisons

test (n =S5 control vehicle, n = 4 control GCV, n =5 Dnmt3a®*"*"* vehicle,n=7
Dnmt3a®*"*"* GCV biological replicate recipient mice). Non-significant p values
(P>0.05) notshown. (c) Frequency of Bcl-xL* (left) and Bcl-2* (right) MSCs

in recipient mice with control or Dnmt3a***"* hematopoiesis treated with
vehicle or ABT-263. P values determined by Kruskal-Wallis test with Dunn’s
multiple comparisons test (n =10 control vehicle, n =10 control ABT-263,n=9
Dnmt3a®”*"* vehicle, n =10 Dnmt3a*’*"'* ABT-263 biological replicate recipient
mice). Non-significant p values (P > 0.05) not shown. (d) Frequency of Bcl-xL*
(left) and Bcl-2* (right) hematopoietic cells in the BM of control Mx-Cre and
Dnmt3a®"*"* Mx-Cre mice. Mice were evaluated > 5 weeks after Mx-Cre induction

using poly(1:C). Not significant by multiple unpaired, two-tailed t tests (n =3
biological replicate mice per condition). (e) Schematic of experimental design
(left) and number of CFU (right) produced by control and Dnmt3a®*"*"* HSPCs
treated directly with vehicle or ABT-263 at passage 2 (P2) and passage 3 (P3).

P values determined by two-way ANOVA with Tukey’s multiple comparisons test
(n=3biological replicate mice per condition). (f) Schematic of experimental
design evaluating cytokine production from Dnmt3a®’*""* HSPCs following
treatment with ABT-263. (g) Concentration of IL-6 (left) or TNFa (right) produced
by Dnmt3a™®"* HSPCs treated with vehicle or ABT-263. Not significant

by unpaired, two-tailed ¢ tests (n = 4 biological replicates per condition).

(h) Schematic of experimental design evaluating the effects of in vivo ABT-263
administration on wild-type hematopoiesis. (i) Complete blood count valuesin
C57BL/6 ) mice treated with vehicle or ABT-263. WBC; white blood cells, NEUT;
neutrophils, PLT; platelets. Horizontal dashed lines indicated standard reference
values. Not significant by two-tailed Mann-Whitney test (n = 8 biological replicate
mice per condition). (j) Frequency of myeloid cells (left) and HSCs (right) in

the BM of C57BL/6 ) mice treated with vehicle or ABT-263. Not significant by
two-tailed Mann-Whitney test (n = 8 biological replicate mice per condition).
Dots represent individual biological replicate mice. Inbox plots, the box
represents the interquartile range, the medianis indicated by the line inside the
box and whiskers extend to the minimum and maximum values.
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Extended Data Fig. 9| In vivo treatment with the senolytics dasatinib and
quercetinreduce MSC senescence and Dnmt3a-mutant hematopoiesis.

(a) Schematic of experimental design to generate Dnmt3a"**"* Mx-Cre
hematopoiesis in wild-type recipient mice and treat recipients with dasatinib
and quercetin (D + Q). Transplant was performed > 5 weeks after poly(I:C)
treatment of donor mice. (b) Representative histogram (left) and MFI of
SA-b-galin MSCs (CD45 Ter119 CD31 CD51" PDGFRa*LepR’) in recipient

mice with control or Dnmt3a®*¥”®"'* hematopoiesis treated with vehicle or

D + Q. P values determined by Brown-Forsythe and Welch ANOVA test with
Dunnett’s T3 multiple comparisons test (n = 9 control vehicle, n =9 control

D +Q, n=8 Dnmt3a"¥*"* vehicle, n =9 Dnmt3a***"* D + Qbiological replicate
recipient mice). Non-significant p values (P > 0.05) not shown. (c) Frequency of
senescent MSCs in recipient mice with control or Dnmt3a®**"* hematopoiesis
treated with vehicle or D + Q. P values determined by Brown-Forsythe and
Welch ANOVA test with Dunnett’s T3 multiple comparisons test (n =9 control
vehicle, n =9 control D + Q, n = 8 Dnmt3a*¥*"* vehicle, n = 9 Dnmt3a**"*"* D + Q
biological replicate recipient mice). Non-significant p values (P > 0.05) not
shown. (d) Frequency of Bcl-xL' (left) and Bcl-2* (right) MSCs in recipient mice
with control or Dnmt3a®**"* hematopoiesis treated with vehicle or D + Q.

P values determined by Brown-Forsythe and Welch ANOVA test with Dunnett’s

T3 multiple comparisons test (n =9 control vehicle,n=9 controlD+Q,n=8
Dnmt3a®¥"®"* vehicle, n =9 Dnmt3a*"®""* D + Q biological replicate recipient
mice). Non-significant p values (P > 0.05) not shown. (e) Frequency of donor
(CD45.2") hematopoietic cells in the BM (left) and HSPC (right) compartment of
recipient mice. P values determined by Brown-Forsythe and Welch ANOVA test
with Dunnett’s T3 multiple comparisons test (n =9 control vehicle, n =9 control
D +Q, n=8 Dnmt3a***"* vehicle, n = 9 Dnmt3a**""* D + Q biological replicate
recipient mice). Non-significant p values (P > 0.05) not shown. (f) Correlation
between the frequency of senescent MSCs and donor-derived BM cells (left),
and frequency of senescent MSCs and donor-derived HSCs (right) in mice
transplanted with control hematopoiesis. Significance values determined by
two-tailed Pearson correlation (n = 9 biological replicate mice per condition).
(g) Correlation between the frequency of senescent MSCs and donor-derived
BM cells (left), and frequency of senescent MSCs and donor-derived HSCs (right)
in mice transplanted with Dnmt3a®"*"* hematopoiesis. Significance values
determined by two-tailed Pearson correlation (n = 8 Dnmt3a*¥*"* vehicle,

n=9 Dnmt3a*¥*"* D + Qbiological replicate mice). Dots representindividual
biological replicate mice. In box plots, the box represents the interquartile range,
the medianisindicated by the line inside the box and whiskers extend to the
minimum and maximum values.
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Extended Data Fig. 10 | MSC senescence in other genetic mouse models of
human AML. (a) Schematic of experimental design to evaluate induction of MSC
senescence by NpmL:Flt3™ and Idh1;Npm1;Nras®*® AML in busulfan-conditioned
wild-type recipient mice. (b) Complete blood count values in mice transplanted
with AML or control BM. MONO; monocytes, PLT; platelets. P values determined
by Brown-Forsythe and Welch ANOVA with Dunnett’s T3 multiple comparisons
test (n =4 biological replicate mice per condition). Non-significant p values
(P>0.05) not shown. (c) Frequency of senescent MSCs (CD45™ Ter119- CD31°
CD51' PDGFRa* LepR") in recipient mice transplanted with AML or control BM.

P values determined by Brown-Forsythe and Welch ANOVA with Dunnett’s

T3 multiple comparisons test (n = 4 biological replicate mice per condition).
Non-significant p values (P > 0.05) not shown. (d) Schematic of experimental
design to evaluate induction of MSC senescence by NpmI:Fit3™ and
Idh1;NpmI;Nras®*® AMLinirradiated wild-type recipient mice. (¢) Complete
blood count values in mice with transplanted with AML or control BM. MONO;
monocytes, PLT; platelets. P values determined by Brown-Forsythe and

Welch ANOVA with Dunnett’s T3 multiple comparisons test (n =5 control,n=5
NpmLFIt3"™ AML, n = 4 Idh1;Npm1I;Nras®*® AML biological replicate mice per
condition). Non-significant p values (P > 0.05) not shown. (f) Frequency of
senescent MSCs in recipient mice transplanted with AML or control BM. P values
determined by Brown-Forsythe and Welch ANOVA with Dunnett’s T3 multiple
comparisons test (n =5 control, n =5 NpmILFlt3"™ AML, n = 4 Idh1;Npm1,;Nras®*®
AML biological replicate mice per condition). Non-significant p values (P > 0.05)
not shown. (g) Expression of CDKNIA in human MSCs from aged-matched normal
BM, non-DNMT3A/TET2-mutant AML, and DNMT3A- or TET2-mutant AML. Data
from Chen et al. P values determined by Kruskal-Wallis with uncorrected Dunn’s
test (n=8normal BM, n =33 non-DNMT3A/TET2-mutant AML, n =29 DNMT3A- or
TET2-mutant AML). Dots represent individual biological replicate mice or human
samples. Inbox plots, the box represents the interquartile range, the median
isindicated by the line inside the box and whiskers extend to the minimum and
maximum values.
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deposited in Gene Expression Omnibus, accession number: GSE240686. Bulk human RNA seq data is deposited in Gene Expression Omnibus accession number:
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Antibodies g
Antibodies used Mouse flow cytometry antibodies are as follows: 3

Ter119 BV421 Ter119 116233 Biolegend (1:50)

B220 BUV496 RA3-6B2 612950 BD Biosciences (1:200)
CD11b APC CY7 M1/70 101226 BiolLegend (1:200)
CD3e PerCP/Cy5.5 145-2C11 100328 BiolLegend (1:200)
Ly6g APC 1A8 127614 Biolegend (1:200)

Ly6c BV605 HK1.4 128035 Biolegend (1:200)

F4/80 PE-Cy7 BM8 25-4801-82 Invitrogen (1:200)
CD45.1 BV650 A20 110736 BioLegend(1:200)

CD45.2 A700 104 109822 BiolLegend (1:50)

CD34 FITC RAM34 553733 BD Biosciences (1:50)
c-Kit APC 2B8 553356 BD Biosciences (1:200)
CD45.1 BV650 A20 110736 BioLegend(1:200)
CD45.2 A700 104 109822 BiolLegend (1:50)

Sca-1 BV510 D7 108129 Biolegend (1:200)

FIt3 (CD135) BV421 A2F10 135313 BioLegend (1:50)
CD11b BV605 M1/70 101257 BioLegend (1:200)
FcgR BV711 93 101337 Biolegend (1:200)

Ter119 PE-Cy5 Ter119 116210 Biolegend (1:200)
CD8a PE-Cy5 53-6.7100710 Biolegend (1:200)

B220 PE-Cy5 RA3-6B2 103210 Biolegend (1:200)
Gr-1 PE-Cy5 RB6-8C5 108410 Biolegend (1:200)
CD4 PE-Cy5 RM4-5 100514 Biolegend (1:200)

CD5 PE-Cy5 53-7.3 100610 Biolegend (1:200)

CD48 PE/CY7 HM48-1 103424 BioLegend (1:200)
CD150 BV785 TC15-12F12.2 115937 Biolegend(1:200)

CD31 APC MEC13.3 102510 Biolegend (1:200)

PDGFRa APC eFlour780 APAS 47-1401-82 invitrogen (1:50)
Sca-1 BV510 D7 108129 Biolegend (1:200)

CD51 BV711 RMV-7 740755 BD Bioscience (1:100)

CD45 BV650 30-F11 563410 BD Bioscience (1:100)
Ter119 PE-Cy5 Ter119 116210 Biolegend (1:200)

CD71 PE R17217 12-0711-82 invitrogen (1:200)

Streptavidin BV421 405226 BiolLegend (1:200)
Mouse Leptin R Biotinylated BAF497 R&D Systems (1:200)

CD45 FITC 30-F1111-0451-82 invitrogen (1:200)
CD41 FITC MWReg30 133904 Biolegend (1:200)
Ter119 FITC Ter119 11-5921-82 invitrogen (1:200)

CD126 (IL6R) BUV563 D7715A7 741296 BD Biosciences (1:50)
CD120a (TNF R Type |/p55) Pe 55R-286 113003 BioLegend (1:50)
CD120b (TNF-RII) PeVio770 REA1 130-104-746 Miltenyi (1:50)

pStat3 Tyr705 AF488 D3A7 4323S Cell Signalling (1:100)

pp44/42 MAPK Thr202/Tyr204 AF647 E10 43755 Cell Signalling (1:100)
pNF-kB p65 Ser536 Pe 93H1 5733S Cell Signalling (1:100)

pPAKT Serd73 PeCF574 M89-61 562465 BD Biosciences (1:100)

BCL xL A700 54H6 48382S Cell Signalling(1:100)

BCL xL AF488 54H6 2767S Cell Signalling (1:100)

BCL 2 Pe Vio 770 REA356 130-105-475 Miltenyi (1:20)

Human flow cytometry antibodies are as follows:
CD105 FITC SN6/N1-3A1 326-040 Ancell (1:100)
PE CD90 5E10 328110 BioLegend (1:100)




Validation

CD90 APC 5E10 328114 BiolLegend (1:100)
CD73 PE Cy7 AD2 344010 BioLegend (1:100)
CD45 eFluor 450 HI30 48-0459-42 ThermoFisher(1:100)

All antibodies used were purchased from commercial companies and have been validated by the companies. statements for
validation of antibodies can be found from Biolegend https://www.biolegend.com/en-us/quality/quality-control

Antibodies purchased from Miltenyi Biotech https://www.miltenyibiotec.com/GB-en/products/macs-antibodies/antibody-
validation.html?countryRedirected=1#gref. For antbodies from ThermoFisher https://www.thermofisher.com/us/en/home/life-
science/antibodies/invitrogen-antibody-validation.html. For antibodies purchased from cell signalling https://www.cellsignal.com/
about-us/cst-antibody-validation-principles?srsltid=AfmBOorhH-1_T0I7r2ptZ1D5L0hUUyeX7resHHtQjHK3uEMbyhEMb6qJ. Antibodies
purchased from R&D https://www.rndsystems.com/products/antibodies/antibody-validation?
gclsrc=aw.ds&gad_source=1&gad_campaignid=20164788196&gbraid=0AAAAAD_kmX2yKhsOM3u3g0OxrmpOwzXOr&gclid=EAlalQob
ChMI3_Gup63djQMVdIBHARIXKDA EAAYASAAEgIyXfD_BwE.

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s)

Authentication

The BMEC cell line was established in the lab of Jason Butler. Cells were derived from male mice.

None of the cell lines used were authenticated

Mycoplasma contamination All cell lines tested negative for mycoplasma contamination

Commonly misidentified lines  No commonly misidentified cell lines were used in this study

(See ICLAC register)

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in

Research

Laboratory animals

Wild animals

Reporting on sex

Field-collected samples

Ethics oversight

The species, strain,sex and age of animals used are described in the methods section as well as in the results/figure legends where
relevant

N/A

Transplant experiments were done in female mice to ensure donor and recipient were sex matched. All other experiments were
done with a mix of both male and female mice.

N/A

All mouse experiments and protocols were approved by The Animal Care and Use Committee at The Jackson Laboratory (protocol
#12004-01).

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Plants

Seed stocks

Novel plant genotypes

Authentication

Report on the source of all seed stocks or other plant material used. If applicable, state the seed stock centre and catalogue number. If
plant specimens were collected from the field, describe the collection location, date and sampling procedures.

Describe the methods by which all novel plant genotypes were produced. This includes those generated by transgenic approaches,
gene editing, chemical/radiation-based mutagenesis and hybridization. For transgenic lines, describe the transformation method, the
number of independent lines analyzed and the generation upon which experiments were performed. For gene-edited lines, describe
the editor used, the endogenous sequence targeted for editing, the targeting guide RNA sequence (if applicable) and how the editor
was applied.

Describe-any-atthentication-procedures for-each-seed-stock-used-ornovet-genotype-generated.-Describe-any-experiments tised-to
assess the effect of a mutation and, where applicable, how potential secondary effects (e.g. second site T-DNA insertions, mosiacism,
off-target gene editing) were examined.
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Flow Cytometry

Plots
Confirm that:
The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group’ is an analysis of identical markers).
All plots are contour plots with outliers or pseudocolor plots.

A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation Blood was collected from mice via retro-orbital sinus and red blood cells were lysed before staining. For stem and progenitor
cell analysis: BM mononuclear cells were prepared from crushed femurs, tibiae, and iliac crests of an individual mouse. MNCs
were isolated post 1x RBC lysis and were stained for FACs analysis. Cell populations were stained in PBS with 3% FBS.
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Instrument All BD machines used for flow: FACSAria Il, LSR II, FACSSymphony A5, FACSSymphony A5 SE, FACSymphony S6 and Beckman
Coulter CytoFLEX S flow cytometer

Software Data was collected using BD FACSDiva (v9/v10) software and analyzed with FlowJo(v9/v10) software.

Cell population abundance Purity of samples was established based on known abundance of populations. MNC BM cells of transplant mice which were
sorted cells were gated as shown in Fig. 1.

Gating strategy All cells were gated on size (FSC-A/SSC-A), single cell gates (SSC-H/SSC--W and FSC-H/FSC-W) and viable (DAPI-).

|Z| Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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