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Abstract Aging-elevated DNMT3A R882H-driven clonal hematopoiesis (CH) is a risk factor for

myeloid malignancies remission and overall survival. Although some studies were conducted to investi-

gate this phenomenon, the exact mechanism is still under debate. In this study, we observed that

DNMT3A R878H bone marrow cells (human allele: DNMT3A R882H) displayed enhanced reconstitu-

tion capacity in aged bone marrow milieu and upon inflammatory insult. DNMT3A R878H protects he-

matopoietic stem and progenitor cells from the damage induced by chronic inflammation, especially

TNFa insults. Mechanistically, we identified that RIPK1eRIPK3eMLKL-mediated necroptosis

signaling was compromised in R878H cells in response to proliferation stress and TNFa insults. Briefly,

we elucidated the molecular mechanism driving DNMT3A R878H-based clonal hematopoiesis, which

raises clinical value for treating DNMT3A R882H-driven clonal hematopoiesis and myeloid malig-

nancies with aging.
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1. Introduction
Hematopoietic stem cell (HSC) generates all blood cells
throughout the lifespan and certain mutations within it leads to
clonal hematopoiesis with aging, which is a risk factor for many
diseases, especially blood malignancies1e5. DNMT3A (DNA
methyltransferase 3A) is the most frequently mutated gene2 and
several elegant studies have intensively studied the role of
DNMT3A in hematopoietic stem cells and hematopoietic malig-
nancies, which shows that deficiency of DNMT3A results in
increased self-renewal and malignant transformation of hemato-
poietic stem cells6,7. Mechanistically, deficiency of DNMT3A
immortalizes HSCs by losing focal DNA methylation of key re-
gions wherein self-renewal genes located8, predominantly at he-
matopoietic enhancer regions9. A different perspective of research
shows that an extended region of low methylation (canyons)
borders, wherein genes related to human leukemia are enriched, is
eroded in the absence of DNMT3A10.

The aforementioned studies investigated the function of
DNMT3A by using clinical samples and knockout mouse models.
While, DNMT3A mutations, especially the amino acid R882, are
associated with poor overall survival of leukemia patients5,11,12,
and exhibit resistance to anthracycline13, aclarubicin14 and other
cytotoxic chemotherapy15. Mechanistically, although several
groups have revealed that the dominant-negative effect of
DNMT3A R882H16 and this mutation resulted in the increase of
leukemogenesis-related genes17e19, the molecular mechanism is
still not fully understood.

In this study, we observed that aging-elevated inflammatory
milieu, mainly TNFa signaling, fostered R878H cells expansion.
Meanwhile, hematopoietic stem and progenitor cells with
DNMT3A R878H mutation exhibited compromised response to
lipopolysaccharide (LPS)-induced inflammation stress and with-
stood the impairment triggered by chronic inflammatory and TNFa
insults. Furthermore, it is notable that RIPK1eRIPK3eMLKL
mediated necroptosis pathway was compromised in R878H cells in
response to transplantation stress and TNFa insults. This finding
provides a possible mechanism to explain why DNMT3A R882H-
driven clonal expansion increases with age, and necroptosis may be
a promising target for treating DNMT3A R882H-based clonal he-
matopoiesis and leukemia patients with DNMT3A R882 mutation.

2. Materials and methods

2.1. Generation of Dnmt3afl-R878H/þ mice

Dnmt3afl-R878H/þ mice were generated in Cyagen Biosciences Inc.
(Guangzhou, China). Targeting vectors were kindly provided by
Dr. Saijuan Chen from Shanghai Jiao Tong University (Shanghai,
China). The Dnmt3a R878H knock-in construct was generated via
the recombineering method. Briefly, approximately 17.5 kb of
genomic DNA surrounding Dnmt3a exon 23 was subcloned into a
targeting vector (Fig. 1A). The linearized vector was subsequently
delivered to ES cells (C57BL/6) via electroporation, followed by
drug selection, PCR screening, and Southern blot confirmation.
After gaining 99 drug-resistant clones, 4 potentially targeted
clones were confirmed, 4 of which were expanded for Southern
blotting. After confirming correctly targeted ES clones, some
clones were selected for blastocyst microinjection, followed by
chimera production. F0 generation was confirmed as germline-
transmitted via crossbreeding with wile-type. Dnmt3afl-R878H/þ

and Dnmt3aþ/þ littermate mice were genotyped by PCR with
primers Dnmt3a-FP (50-GCCAGTATAGATGCCTGTGAGGT-30)
and Dnmt3a-RP (50-TGCCTCTTGGATGTGCTCTACAG-30)
using the following parameters: 94 �C for 3 min, followed by 35
cycles of 94 �C for 20 s, 60 �C for 20 s, 72 �C for 20 s and 72 �C
for 5 min to final extension. PCR product for WT and Mutant band
is 260 bp and 316 bp, respectively. Expression of the R878H
mutation (that results in an arginine to histidine substitution at
amino acid position 878, DNMT3A R878H) was confirmed by
cDNA sequencing using the following primer: 50-GGAGTGT-
GAATCTCAAAGCTGGGAT-30.

When Dnmt3afl-R878H/þ mice exposed to Cre recombinase
leads to an inversion of the mutant exon inserted and then with an
excision reaction to remove the WT exon and one loxP site, and
another loxP site, fixing the inversion in the right place (Fig. 1A).
To achieve hematopoietic-specifically mutant mice, Dnmt3afl-
R878H/þ mice were crossed to Vav-iCre mice. In all experiments,
mice were heterozygous for both the Dnmt3aR878H allele and the
Vav-iCre allele (Dnmt3aR878H/þVav-iCreþ or Dnmt3aR878H/þ).

Mlkle/e mice20 were kindly provided by Dr. Xiaodong Wang
(National Institute of Biological Sciences). Ripk1K45A mice21 and
Ripk3D/D mice22 were kindly provided by Dr. Haibing Zhang
(Institute for Nutritional Sciences, Shanghai Institutes for Bio-
logical Sciences, Chinese Academy of Sciences).

All mice were housed in specific-pathogen-free, AAALAC-
accredited animal care facilities at the Laboratory Animal
Research Center, Tsinghua University and all procedures were
approved by the Institutional Animal Care and Use Committee of
Tsinghua University.

2.2. Flow cytometric analysis and cell sorting

Cells were suspended in HBSSþ buffer (D-Hank’s buffer con-
taining 2% fetal bovine serum, 1% penicillin/streptomycin and 1%
HEPES) and then stained with fluorochrome-labeled antibodies.
Flow cytometric analysis data were collected with a BD
LSRFortessa SORP flow cytometer (BD Biosciences) and
analyzed using FlowJo Software (Becton, Dickinson and Com-
pany). Cell sorting was performed by BD Influx (BD Biosciences)
and the target fraction was sorted into HBSSþ buffer. Non-lysed
bone marrow (BM) cells were applied for analysis of hemato-
poietic stem and progenitor cells (HSPC) (antibodies containing
Lin-APC/Cy7 cocktail, c-KIT APC, SCA-1 PE/Cy7, CD150 PE,
CD34 AF700, CD127 BV421, CD16/32 FITC and CD135 PE-
CF594) and lineage (antibodies against MAC1, GR1, B220,
CD3). Chimerism analysis in mature cells from peripheral blood
(PB) was lysed by ACK buffer (NH4Cl, 150 mmol/L; KHCO3,
10 mmol/L; Na2EDTA, 0.1 mmol/L; adjust the pH to 7.2e7.4)
and subsequently subjected to flow cytometer after staining
with fluorochrome-conjugated antibodies (antibodies containing
MAC1, B220, CD3, CD45.1 and CD45.2). A detailed list of an-
tibodies is provided in the Supporting Information Table S1.

2.3. Competitive bone marrow transplantation

For the competitive bone marrow transplantation assay. 5 � 105

whole BM cells were freshly isolated from WT or R878H mice
(CD45.2, C57BL/6J) and injected intravenously (i.v.) into lethally
irradiated (10 Gy) WT recipient mice (CD45.1/2, F1 generated by
mating CD45.1 with CD45.2 mice, C57BL/6J mice) together with
5 � 105 WT (CD45.1, C57BL/6J mice) whole BM competitor
cells. Peripheral blood from the recipient was analyzed for donor-
derived chimerism (myeloid, B, and T cells) monthly. The



Figure 1 DNMT3A R878H mutation expands the HSC compartment. (A) The schematic diagram depicts the targeting strategy to generate the

DNMT3A R878H conditional knockin mouse. Asterisk representing guanine at the 2633 site in the exon 23 of Dnmt3a was replaced by an

adenine to encode R878H mutation. (B) The histogram shows the count of white blood cell (WBC), lymphocyte (LYM), neutrophil (NEUT), red

blood cell (RBC) and platelet (PLT) between WT (Dnmt3afl-R878H/þ, Vav-icree) and R878H mice (Dnmt3afl-R878H/þ, Vav-icreþ; 4 months). n Z 6

mice per group from two independent experiments. (C) Six 4-month old R878H mice and six age-matched WT mice were analyzed for myeloid, B

and T cells. The histogram displays the frequency of B cells (B220þ), T cells (CD3þ) and myeloid (CD11bþ) in the peripheral blood (PB). (D)

Representative plots depict the gating strategies for HSC (Lineagee SCA-1þ c-KITþ CD150þ CD34e), CMP (Lineagee SCA-1e c-KITþ CD16/

32e CD34þ), GMP (Lineagee SCA-1e c-KITþ CD16/32þ CD34þ), MEP (Lineagee SCA-1e c-KITþ CD16/32e CD34e), CLP (Lineagee SCA-

1low c-KITlow CD135þ CD127þ), ST-HSC (Lineagee SCA-1þ c-KITþ CD135e CD34þ) and MPP (Lineagee SCA-1þ c-KITþ CD135þ CD34þ)
cells analysis in the bone marrow (BM) of WT and R878H mice. (E)e(G) 4 months old R878H mice and age-matched WT mice were analyzed for

HSC and progenitors. (E) The histogram exhibits the absolute number of CMPs, GMPs, MEPs, CLPs, ST-HSCs and MPPs in the BM of WT and

R878H mice. The histograms depict the frequency (F) and absolute number (G) of HSCs in the BM of WT and R878H mice. n Z 5 mice per

group from two independent experiments. (H)e(I) Cell cycle analysis of HSCs in six-month-old WT and R878H mice using Ki67 and DAPI.

Representative flow cytometry plots (H) and the frequency of cells in each phase (I) are shown. WT, n Z 3; R878H, n Z 4. All data above are

shown as mean � SD.
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antibodies combination (CD3, B220, CD11b, CD45.1 CD45.2)
were used to evaluate peripheral blood chimerism. For the young
and aged recipient transplantation assay, 1 � 105 WT or R878H
mice (CD45.2, C57BL/6J) total BM cells were transplanted into 2
or 15 months lethally irradiated (10 Gy) WT recipients (CD45.1,
C57BL/6J mice) together with 5� 105 competitor cells (CD45.1/2,
C57BL/6J mice) and the chimera in peripheral blood was evaluated
every month until the 4th month.

2.4. In vitro treatments

For the HSC in vitro culture and TNFa treatment assay, 100 HSCs
(Lineagee SCA-1þ c-KITþ CD34e CD150þ) were sorted from
either WT or R878H mice and cultured in 100 mL SFEM medium
(supplemented with 30 ng/mL SCF, 30 ng/mLTPO and 100 U/mL
penicillinestreptomycin) for 12 h. Then all cultures were treated
with various combinations of TNFa (200 ng/mL), RIPA56
(20 mmol/L) and resibufogenin (20 mmol/L) for 7 days. Subse-
quently, phenotypic “HSCs” (CD150þ CD48e SCA-1þ c-KITþ)
were counted by flow cytometry after staining with various
combinations of indicated antibodies.

2.5. In vivo treatments

For the clonal hematopoiesis mouse model, 1 � 105 total BM cells
either from WT or R878H mice (CD45.2, C57BL/6J) were trans-
planted into lethally irradiated recipients (CD45.1/2, C57BL/6J
mice) mixed with 5 � 105 competitor cells (CD45.1, C57BL/6J
mice). One month later, LPS (0.8 mg/kg) was administrated to the
recipients intraperitoneally every two days for 15 doses, and the
chimera of peripheral bloodwas evaluated everymonth until the 5th
month. In the acute inflammatory insult experiment, WTor R878H
mice were intraperitoneally injected with LPS (0.8 mg/kg) or an
equal volume of PBS for a single dose and mature cells from pe-
ripheral blood together with HSPCs from BM of the indicated mice
were analyzed 48 h later.

2.6. Cytokine antibody array

Femurs and tibias of young and aged recipient mice reconstituted
by WT cells were isolated and flushed with a total of 150 mL PBS
using an insulin syringe with a 29G needle. Then, centrifuge at
500�g for 8 min to remove cells. Supernatants were further pu-
rified by centrifuging at 14,000�g for 15 min to remove cell
debris. Samples were dispensed into single-use aliquots and stored
at �80 �C until use. Each sample was diluted 40-fold before
cytokine proteins in the samples were determined by a mouse
Antibody Arrays Kit with a glass slide-based antibody cytokine
array containing 200 proteins (GSM-CAA-4000, RayBiotech)
according to the manufacturer’s instructions.

2.7. Hematological cell counts

Hematologic parameters in PB after tail bleeding were analyzed
by Auto Hematology Analyzer BC-5000 (MINDRAY). BM cells
were harvested from one femur and suspended in HBSSþ buffer
on ice before evaluating by Vi-CELL Cell Counter (Beckman).

2.8. Western blotting

1 � 106 c-KITþ BM cells from either WT or R878H mice were
purified by magnetic beads enrichment (Miltenyi Biotec) after
staining with c-KIT-APC antibody and cultured in 500 mL
SFEM medium (supplemented with 30 ng/mL SCF, 30 ng/mL
TPO and 100 U/mL penicillinestreptomycin) for 12 h. Then
half of the cultures were treated with TSZ (T, 50 ng/mL TNFa;
S, 100 nmol/L SMAC mimetic; Z, 20 mmol/L z-VAD) for 1 h.
Cells were harvested and lysed with 150 mL NETN buffer
(100 mmol/L NaCl, 20 mmol/L Tris-HCl, pH 8.0, 1 mmol/L
EDTA, 0.5 mmol/L PMSF and 0.5% Nonidet P-40) on ice for
10 min. Lysis was completed by sonication and subsequently
centrifuged at 14,000�g for 5 min. The supernatant was mixed
with 2 � loading buffer and then boiled for 6 min. Samples were
resolved on 10% SDS-PAGE followed by transferring onto a
PVDF membrane (BioRad), and then the membrane was
blocked by 5% skim milk in TBST buffer before incubating with
indicated primary antibodies.

2.9. Quantitative real-time PCR

Total RNA was extracted using TRIzol (Invitrogen) according to
the manufacturer’s instructions from 2 � 104 donor-derived
CD45.2 LSK (Lineagee SCA-1þ c-KITþ) cells sorted from BM
of the fourth month aged recipients after whole BM trans-
plantation. The concentration of RNA was normalized and cDNA
was synthesized by PrimeScript RT reagent Kit (Takara, Cat. #
RR047A). Acquired cDNA was analyzed by PowerUp SYBR
Green mix (Applied Biosystems, Cat. # A25780) with indicated
primers on a QuantStudio-3 Real-time PCR System (Applied
Biosystems). The full primer information is listed in Supporting
Information Table S2.

2.10. Statistical analysis

All data are shown as mean � SD. Two-tailed unpaired Student’s
t-test was used for statistical significance analysis after testing for
normal distribution and data were plotted using GraphPad Prism 6
software.

3. Results

3.1. DNMT3A R878H mutation expands the HSC compartment

To investigate the functional role of DNMT3A R878H in HSCs,
Dnmt3afl-R878H/þ mice (Fig. 1A, Supporting Information Fig. S1A
and S1B) was constructed and then crossed with Vav-iCre mice to
generate DNMT3A R878H heterozygous mice (Dnmt3aR878H/þ),
wherein DNMT3A R878H occurs mainly in hematopoietic cells
(hereafter named R878H mice). To evaluate the influence of
DNMT3A R878H on the production of blood cells, we performed
a complete blood count assay for R878H mice and littermate
controls. The results revealed that the white blood cell (WBC),
lymphocyte (LYM), neutrophil (NEUT), red blood cell (RBC) and
platelet (PLT) of R878H mice kept static compared with controls
(Fig. 1B). Moreover, the bone marrow cellularity of R878H mice
was indistinguishable from their littermate controls (Fig. S1C).
We then sought to investigate the hematopoietic composition in
peripheral blood and bone marrow of R878H mice by flow
cytometry. The results show that the frequency of lineage cells,
including B cells, T cells and myeloid cells, in peripheral blood
(PB) and bone marrow (BM) of R878H mice was indistinguish-
able from controls (Fig. 1C, Fig. S1D and S1E). Furthermore, the
absolute number and frequency of CMP (common myeloid
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progenitor), GMP (granulocyte-macrophage progenitors), CLP
(common lymphoid progenitors), MEP (megakaryocyte-erythroid
progenitors), ST-HSC (short-term HSC) and MPP (multipotent
progenitor cell) of R878H mice holds static (Fig. 1D, E and
Fig. S1F). While, both the frequency and absolute number of
HSCs in R878H mice are significantly larger than WT mice
(Fig. 1DeG), which is consistent with a previous report that
DNMT3A R878H mutation expands HSC compartment23. Cell
cycle analysis showed that DNMT3A R878H mutation does not
alter the quiescent state of HSCs (Fig. 1H and I).

3.2. Aged bone marrow microenvironment promotes DNMT3A
R878H-based clonal hematopoiesis

Several recent studies have revealed that human DNMT3A R882H
(mouse allele: DNMT3A R878H) is a driver mutation and leads to
clonal hematopoiesis with age2e4, therefore we attempted to
speculate that aged microenvironment might promote R878H cells
expansion. To test this hypothesis, we transplanted 1 � 105 either
R878H or WT total bone marrow cells into lethally irradiated
young (2-month) and aged (15-month) recipients together with
5 � 105 competitor cells and the chimera in peripheral blood was
evaluated every month until the 4th month (Fig. 2A). The result
show that the reconstitution capacity of R878H cells in aged re-
cipients is significantly higher than that in young recipients
(60.6 � 7.1% vs. 39.9 � 13.5%) (Fig. 2B and C and Supporting
Information Fig. S2A), while WT cells exhibit no difference be-
tween young and aged recipients (8.0 � 5.6% vs. 4.0 � 2.5%)
(Fig. 2D), indicating that aged bone marrow milieu fosters R878H
cells. Moreover, we observed significantly increased differentia-
tion bias towards myeloid lineage of both R878H and WT cells in
aged recipients (Fig. 2E, F and Fig. S2B), which is consistent with
previous conclusions that aged bone marrow environment pro-
motes the differentiation bias to myeloid lineage24,25. We then
analyzed the donor-derived HSCs in the bone marrow of re-
cipients. The results reveal that the percentage of WT-derived
HSCs between young and aged recipients shows no difference,
but the percentage of R878H-derived HSCs in aged recipients is
significantly lower than that in young recipients (Fig. 2G), which
suggests that aged bone marrow promotes the differentiation of
R878H HSCs and then facilitates DNMT3A R878H-based clonal
hematopoiesis.

3.3. DNMT3A R878H blunts the response of hematopoietic stem
and progenitor cells upon inflammation challenge

It has been known for several decades that aging is frequently
accompanied by a chronic, low-grade inflammation, which is
called “inflammaging” and it modulates both the aging process
and age-related diseases26,27. Then, we wondered whether aging-
elevated inflammation promotes DNMT3A R878H-based clonal
hematopoiesis. To test this hypothesis, we challenged R878H and
WT mice by a single dose of LPS intraperitoneally (Fig. 3A),
which is frequently utilized as an acute inflammation model28.
Forty-eight hours later, bone marrow cellularity was significantly
decreased by 44% in R878H mice and 30% in WT mice separately
(Fig. 3B). Blood count assay revealed that WBC and RBC of both
R878H and WT mice are comparable in response to the LPS
challenge (Fig. 3C and Supporting Information Fig. S3A). While,
PLT were significantly decreased by w50% in both R878H and
WT mice (Fig. 3D). It is notable that the number of LYM declines
significantly in WT mice, but not in R878H mice (Fig. 3E).
Furthermore, NEUT increases significantly after LPS insults in
both WT and R878H mice (Fig. 3F). However, the fold change
(the ratio of LPS-treated group to PBS-treated group) of the above
cell populations between WT and R878H mice exhibits no dif-
ference, indicating that DNMT3A R878H does not affect the
production of mature blood cells upon acute inflammatory
challenge.

We next sought to analyze the lineage composition in PB and
BM of both R878H and WT mice upon LPS challenge. We
observed that both B and T cells in PB and BM of both mice
obviously dropped, while the myeloid cells in PB and BM of both
mice were increased, wherein the increase in PB is larger than that
in BM (Fig. S3B and S3C). We then calculated the fold change,
and the results show that there is no difference between R878H
and WT mice in response to the LPS challenge (Fig. S3B and
S3C, the rightmost data of each graph).

Given that HSPCs generate all lineages, we then set out to
analyze HSPCs of R878H and WT mice in response to the LPS
challenge. We observed that CMP, GMP, MEP and CLP signifi-
cantly dropped in both mice and the fold change exhibited no
difference between WT and R878H mice (Fig. S3DeS3G). It is
notable that ST-HSC and MPP of both mice expanded signifi-
cantly upon the LPS challenge, while the expansion in R878H
mice was less pronounced than that in WT mice (Fig. 3G and H).
More interesting is that the LPS challenge results in an increase in
the number of both WT HSCs (from 1630 � 237 to 8967 � 1051)
and R878H HSCs (from 2778 � 493 to 3834 � 892), while the
fold change in R878H mice was significantly lower than that in
WT mice (Fig. 3I). These data imply that DNMT3A R878H
mutation blunts the response of hematopoietic stem and multi-
potent progenitor cells, but not the downstream progenitor or
terminally differentiated cells, upon inflammatory stress.

To further investigate the function of R878H and WT bone
marrow cells in response to acute LPS challenge, 5 � 105 total
bone marrow cells isolated from either LPS/PBS-treated R878H
or LPS/PBS-treated WT mice were transplanted into lethally
irradiated recipients together with 5 � 105 competitor cells and
the chimera in peripheral blood was checked monthly until the
fourth month (Fig. 3A). The results show that the reconstitution
ability of LPS-treated R878H and WT bone marrow cells
exhibited no difference from that of the control group, indicating
that acute inflammatory stress did not impair the reconstitution
capacity of bone marrow cells of both mice (Fig. 3J). This result is
consistent with a recent study showing that Escherichia coli-
induced inflammation accelerates hematopoietic stem and pro-
genitor cells proliferation, but preserves the functional HSCs in
the bone marrow29.

3.4. LPS-induced chronic inflammation promotes DNMT3A
R878H-driven clonal hematopoiesis

Given that a previous study reported that repeated activation of
HSCs out of their dormant state provoked the attrition of normal
HSCs30,31, and our data show that DNMT3A R878H mutation
prevented HSCs from LPS-induced activation (Fig. 3I), we then
speculated that R878H HSCs might protect HSCs from chronic
inflammatory damage. To test this hypothesis, we transplanted
1 � 105 freshly isolated total bone marrow cells from either WTor
R878H mice into lethally irradiated recipients together with
5 � 105 competitor cells. One month later, we challenged the
recipients with LPS every two days intraperitoneally for one
month, which is frequently utilized as a chronic inflammation



Figure 2 Aged bone marrow microenvironment promotes DNMT3A R878H-based clonal hematopoiesis. (A)e(F) Freshly isolated 1 � 105

BM cells (CD45.2) from 2 months old R878H mice or age-matched WT mice were transplanted into lethally irradiated young (2 months) or aged

(15 months) recipients (CD45.1) together with 5 � 105 competitor cells (CD45.1/2). Chimera in the peripheral blood was evaluated every month

until the fourth month. (A) Experimental design. (B) Representative flow cytometry plots displaying the frequencies of donor-derived cells in the

PB of young or aged recipient mice transplanted with the indicated bone marrow cells at the 4th month after transplantation (n Z 4e5 mice per

group). (C) and (D) These line plots depict the percentage of indicated donor-derived cells in the PB of young or aged recipients carrying R878H

(C) or WT (D) BM cells. (E) and (F) The histograms show the lineage distribution of myeloid, T cells and B cells among donor-derived cells in the

PB of young or aged recipients carrying WT (E) or R878H (F) BM cells at the 4th month after transplantation. nZ 4e5 mice per group from two

independent experiments. (G) The histogram displays the percentage of WT/R878H-derived HSCs in young recipients (black) and aged recipients

(red) (n Z 4e5 mice per group). All data above are shown as mean � SD; *P < 0.05, **P < 0.01, NS represents no significance.
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model28, and the chimera of peripheral blood and bone marrow
was evaluated every month until the 5th month (Fig. 4A). The
result shows that R878H cells significantly outcompeted the
competitor cells upon chronic LPS challenge compared to PBS-
treated ones (70.0 � 29.0% vs. 36.7 � 26.2%) and the differ-
ence mainly stemmed from the myeloid lineage (Fig. 4B and
Supporting Information Fig. S4A). The mature hematopoietic
lineage distribution of R878H cells exhibited significant differ-
entiation skewing towards myeloid lineage in response to the LPS
challenge (Fig. 4C). While both reconstitution capacity and line-
age distribution of WT cells showed no difference between LPS
and PBS group (Fig. 4D, E and Fig. S4A).



Figure 3 DNMT3A R878H blunts the response of hematopoietic stem cells upon inflammation challenge. (A) A model was used to evaluate

the response of R878H mice to acute inflammatory challenges. The schematic diagram showing the experimental design: WT and R878H mice

were challenged by LPS (0.8 mg/kg) or an equal volume of PBS intraperitoneally and these mice were analyzed 48 h later. 5 � 105 LPS/PBS-

treated WT or R878H BM cells (CD45.2) together with 5 � 105 competitor cells (CD45.1) were transplanted into lethally irradiated recipients

(CD45.1/2). Chimerism in the PB was analyzed monthly. (B)e(F) The histograms show the cell number (left) of BM cells (B), WBC (C), PLT

(D), LYM (E), NEUT (F), and the fold change (LPS/PBS, right) of WT and R878H mice upon LPS (red) or PBS (black) treatment (nZ 6 mice per

group from 4 independent experiments). (G)e(I) The left histograms display the absolute cell number of ST-HSC (G), MPP (H), HSC (I) in the

BM of the indicated mice treated with a single dose (0.8 mg/kg) of LPS or PBS. The right histograms depict a ratio of the absolute cell number

between LPS and PBS groups in the indicated mice from different populations of hematopoietic cells (n Z 6 mice/group from 4 independent

experiments). (J) These line plots show the percentage of donor-derived overall and B cells, T cells, myeloid within PB cells of the indicated

recipients at each time point (n Z 4e6 mice per group from 2 independent experiments). All data above are shown as mean � SD; NS represents

no significance.
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Figure 4 LPS-induced chronic inflammation promotes DNMT3A R878H-driven clonal hematopoiesis. (A) Schematic diagram of the exper-

imental procedure is designed for generating chimeric mice simulating clonal expansion of Dnmt3aR878H/þ cells upon inflammation challenges.

WT or R878H BM cells (CD45.2) together with competitor cells (CD45.1) at a ratio of 1 to 5 (1 � 105:5 � 105) were transplanted into lethally

irradiated recipients (CD45.1/2). One month post-transplantation, the recipients were subjected to sustaining treatment with LPS (0.8 mg/kg

injected i.p. every other day for 15 doses) or an equal volume of PBS. Chimerism in the PB was analyzed monthly until the fifth month. (B) These

line plots show the frequencies of R878H-derived overall and B cells, T cells, myeloid within PB cells at the indicated time point in response to

LPS (red) and PBS (black) treatment. (C) The histogram displays the lineage distribution of R878H-derived T, B and myeloid in peripheral blood

at the 5th month post-transplantation. (D) These line plots depict the percentage of WT-derived overall and B cells, T cells, myeloid within PB

cells at indicated the time point in response to LPS (red) and PBS (black) treatment. (E) The histogram exhibits the lineage distribution of WT-

derived T, B and myeloid in peripheral blood at the 5th month post-transplantation. (F) Representative flow cytometry plots depict the gating

strategy and the percentage of donor-derived HSC (CD34e CD150þ LSK) in the indicated recipients at the fifth month after transplantation. (G)

The histograms show the frequency of WT/R878H-derived HSCs in response to LPS (red) and PBS (black) treatment; the right histogram shows

the fold change of HSCs (WT: black; R878H: red) in response to LPS treatment. nZ 5e7 mice per group from two independent experiments, the

data are shown as mean � SD; NS represents no significance.
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Figure 5 Elevated-TNFa in aged bone marrow promotes DNMT3A R878H-based clonal hematopoiesis. (A) The pooled bone marrow aspirates

of young recipients and aged recipients reconstituted by WT cells (Fig. 2A) were subjected to a mouse cytokine antibody array. Cytokines were

identified as upregulated candidates in aged recipients with the criteria that fold change between aged recipients and young recipients are greater

than 1.2, while fold change lower than 0.83 is considered as downregulated cytokines. The histogram depicts the top 10 cytokines upregulated in

the bone marrow aspirates of aged recipients which are ranked by the expression levels. Each sample was pooled from 3 mice for each group.

(B)e(H) 100 HSCs (CD34e CD150þ LSK) were freshly isolated from either WTor R878H mice (CD45.2), and the HSCs were cultured in vitro in

the presence or absence of TNFa (200 ng/mL) for 3 or 7 days (all HSCs were cultured in SFEM medium supplemented with 30 ng/mL SCF,

30 ng/mL TPO and 100 U/mL PenicillineStreptomycin). Three days later, each culture was mixed with 3 � 105 competitor cells (CD45.1) and

transplanted into lethally irradiated recipients (CD45.1/2). Chimera in the peripheral blood was evaluated for 4 months. (B) Experimental design.

(C) On the 7th day, cell growth was monitored by a light microscopy, and images were acquired under an inverted microscope (Olympus CKX41).

Scale bar, 0.5 mm. (D) and (E) The number of live cells (D, DAPIe) and HSCs (E, CD150þ CD48e c-KITþ SCA-1þ) was analyzed on days 7

(n Z 5). (F) These line plots show the percentage of donor-derived cells within PB cells at the indicated time point after transplantation. (G) The

histogram depicts the frequency of donor-derived HSC (CD34e CD150þ LSK) in the indicated recipients at the fourth month post-transplantation.

(H) The histograms exhibit the lineage distribution of WT-derived or R878H-derived T, B and myeloid cells in peripheral blood at the 4th month

post-transplantation. nZ 5e7 mice per group from two independent experiments, the data are shown as mean � SD, *P < 0.05, NS represents no

significance. (I) and (J) Experiment design for TNFa treatment in vivo. 1 � 10
5

freshly isolated total bone marrow cells from either 2e4 months

old WT or R878H mice (CD45.2) together with 5 � 105 competitor cells from age-matched WT mice (CD45.1) were transplanted into lethally

irradiated recipients (CD45.1/2). One month later, the recipients were challenged with TNFa (100 mg/kg) every other day intravenously for one
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To find out the reason why R878H-carrying cells exhibit differ-
entiation bias towardsmyeloid cells in response to LPS treatment, we
analyzed donor-derived myeloid progenitors and HSC in the bone
marrow of recipient mice five months after transplantation. We
observed that all myeloid progenitors (CMP, GMP and MEP), mul-
tiple potential progenitors (CD34þ LSK) and HSCs were increased
significantly upon LPS challenge in the R878H group rather than the
WT group (Fig. 4F, G, Fig. S4B and S4C), which could explain the
expansion of R878H-derived myeloid cells during aging. Briefly, the
above data suggest that DNMT3A R878H-carrying HSPCs resist
chronic inflammation-induced damage, and furthermore result in
DNMT3A R878H-driven clonal hematopoiesis.

3.5. Elevated-TNFa in aged bone marrow promotes DNMT3A
R878H-based clonal hematopoiesis

Given that R878H-carrying HSCs resist inflammation-induced
damage (Fig. 4G), and that aged bone marrow milieu facilitate the
proliferative advantage of R878H cells (Fig. 2C), and that aged
bone marrow is accompanied by several elevated pro-
inflammatory cytokines32,33, we then attempted to speculate that
inflammatory factor(s) in aged bone marrow might promote the
clonal expansion of R878H cells.

To identify such inflammatory factor(s) in the aged microen-
vironment, we conducted cytokine array assays with bone marrow
aspirates of young and aged recipients reconstituted by WT cells
(Fig. 2A, detailed in Supporting Information Table S3). The re-
sults show that the levels of several pro-inflammatory cytokines
are upregulated in aged recipients (Fig. 5A, Supporting Informa-
tion Fig. S5A and S5B), especially the TNFa signaling (Fig. S5C).
Given that TNFa is one of the major inflammatory cytokines
produced by hematopoietic cells upon LPS challenge34, we
speculated that TNFa may be the main factor driving R878H-
based clonal hematopoiesis. To test this hypothesis, 100 freshly
isolated R878H and WT HSCs were treated with TNFa and the
clone size was estimated 7 days later (Fig. 5B). The result show
that TNFa strongly depleted WT cells, while DNMT3A R878H
compromised the impairment in response to TNFa insults (Fig. 5C
and D). Then, we counted phenotypic “HSCs” by this combina-
tion: CD150þ CD48e SCA-1þ c-KITþ, and found that the number
of WT HSCs decreased by 75% upon TNFa insults, while the
number of R878H HSCs held static in comparison to PBS-treated
ones (Fig. 5E and Fig. S5D). These data suggest that DNMT3A
R878H prevents the impairment of HSCs induced by TNFa.

To evaluate whether TNFa affects the self-renewal and dif-
ferentiation capacity of R878H HSCs, 100 R878H and WT HSCs
were treated with TNFa for 3 days. Then, each culture was mixed
with 3 � 105 competitor cells and transplanted into lethally irra-
diated recipients. The results showed that TNFa-treated WT HSCs
completely lose their reconstitution capacity, while the reconsti-
tution ability of R878H HSCs is not affected by TNFa (Fig. 5F).
Consistent with this finding, we observed that the WT-derived
HSCs are almost depleted in recipients when their donor HSCs
were pretreated with TNFa, but R878H-derived HSCs are not
disturbed by TNFa (Fig. 5G), suggesting that TNFa impairs WT
HSCs but does not affect the reconstitution capacityR878H HSCs.
month, and donor-derived HSCs were evaluated at the 5th month. (I) Sch

shows the number of WT/R878H-derived HSCs in response to TNFa (red)

of HSCs (WT: black; R878H: red) in response to TNFa treatment. n Z 5e

significance.
However, we observed significantly increased differentiation bias
towards myeloid lineage but decreased differentiation into B cell
lineage of both TNFa-treated R878H and WT HSCs (Fig. 5H),
indicating that TNFa promotes the differentiation bias to the
myeloid lineage of both WT and R878H HSCs which is in line
with the phenotype we observed in aged recipients.

Now that R878H HSCs acquire survival advantage over WT
HSCs upon TNFa insults, we wondered whether this effect can
directly result in R878H-based clonal hematopoiesis. To test this
hypothesis, 1 � 105 freshly isolated total bone marrow cells from
either WT or R878H mice together with 5 � 105 competitor cells
were transplanted into lethally irradiated recipients. One month
later, we challenged the recipients with TNFa (100 mg/kg) every
other day intravenously for one month, and donor-derived HSCs in
the bone marrow were evaluated at the 5th month (Fig. 5I). We
observed that R878H-derived HSCs significantly outcompeted the
competitor cells upon chronic TNFa insults compared to PBS-
treated ones (71.0 � 14.6% vs. 28.7 � 10.9%) but not the WT-
derived HSCs (Fig. 5J), indicating TNFa facilitates R878H-
driven clonal hematopoiesis.

These data suggest that DNMT3A R878H counteracts the
damage induced by TNFa to HSCs, which furthermore indicated
that aging-elevated TNFa promotes DNMT3A R878H-based
clonal hematopoiesis.

3.6. DNMT3A R878H prevents the activation of necroptosis in
HSPCs upon TNFa challenge

To explore the potential mechanism that DNMT3A R878H
compromised the TNFa-induced damage to HSCs, we examined
the genes regulated by TNFa, including NF-kB, apoptosis and
necroptosis related genes35. Firstly, we transplanted 1 � 105

bone marrow cells freshly isolated from either R878H mice or
wild-type mice into lethally irradiated aged recipients together
with 5 � 105 young competitor cells. Four months later, 2 � 104

donor-derived LSK cells (Lineagee SCA-1þ cKITþ) were iso-
lated to evaluate TNFa-regulated genes (Fig. 6A, primers see
Supporting Information Table S2). The results reveal that NF-kB
pathway genes remained undisturbed in R878H cells (Support-
ing Information Fig. S6A), while the apoptosis-related genes
(Fadd and Casp8) and necroptosis genes (Ripk1 and Ripk3) were
significantly decreased (Fig. 6B and C), suggesting that
apoptosis and necroptosis pathways may be compromised in
R878H cells.

To further investigate whether R878H cells acquire growth
advantage by resisting necroptosis or apoptosis, we forced WTand
R878H LSK cells to undergo apoptosis (induced by the combi-
nation of TNFa and SMAC mimetic, abbreviated as “TS”)36 and
necroptosis (induced by the combination of TNFa, SMAC
mimetic, and a pan-caspase inhibitor Z-VAD-FMK, abbreviated as
“TSZ”)37 for 6 h (Fig. 6D). We observed that there is no difference
between WT and R878H LSKs in the TS-treated group, indicating
that apoptosis is not the factor resulting in the growth advantage of
R878H cells. While R878H LSKs exhibited significantly less cell
death upon TSZ stimulation (Fig. 6E). Furthermore, the cell death
of both R878H and WT LSKs decreased by about 60% upon TSZ
ematic diagram of the experimental procedure. (J) The left histogram

and PBS (black) treatment; the right histogram shows the fold change

7 mice per group, the data are shown as mean � SD, NS represents no



Figure 6 DNMT3A R878H prevents the activation of necroptosis in HSPCs upon TNFa challenge. (A) Experimental procedure to evaluate the

expression of TNF signaling genes: 1 � 105 bone marrow cells freshly isolated from either R878H mice or wild-type mice (CD45.2) were

transplanted into lethally irradiated aged recipients (CD45.1) together with 5 � 105 young competitor cells (CD45.1/2). Four months after

transplantation, 2 � 104 donor-derived LSK cells (CD45þ LINe c-KITþ SCA-1þ) were isolated for qRT-PCR analysis. (B) and (C) The histogram

showing the relative expression of apoptosis-related genes (B) and necroptosis-associated genes (C) in the indicated cells. (D) and (E) Experi-

ments were designed to evaluate the response of R878H HSPCs upon apoptotic and necroptotic stress. (D) The schematic diagram showing the

procedure for in vitro TSZ or TS treatment in the indicated experiment (S, 100 nmol/L SMAC mimetic; T, 50 ng/mLTNFa; Z, 20 mmol/L z-VAD).

To determine the percentage of cell death upon TS or TSZ treatment, LSK cells were isolated freshly from WT or R878H mice and cultured with

the indicated chemicals for 6 h, and the resulting cells were stained with DAPI and the dead cells were determined by flow cytometry. (E) The

histogram depicts the percentage of cell death in LSK cells upon TS, TSZ and TSZ plus RIPA56 (RIPA56: 20 mmol/L) treatment (n Z 3e4 per

group from 2 independent experiments). (F) and (G) c-KITþ bone marrow cells were freshly isolated from WT or R878H mice and cultured in

SFEM medium overnight. Then half of the cultures were treated with TSZ for 1 h, and the resulting cells were harvested for Western blotting

analysis. (F) Experimental design. (G) Representative Western blot showing the expression of RIPK1, RIPK3, MLKL and phosphorylated MLKL

in c-KITþ cells upon indicated treatment (three biological replicates). (H) and (I) 100 HSCs (CD34e CD150þ LSK) were freshly isolated from

either WT or R878H mice, and the HSCs were cultured in vitro with the indicated treatment for 7 days (all HSCs were cultured in SFEM medium

supplemented with 30 ng/mL SCF, 30 ng/mL TPO and 100 U/mL penicillinestreptomycin; TNFa: 200 ng/mL, RIPA56: 20 mmol/L, RES:

20 mmol/L). (H) Experimental design. (I) The histogram shows the number of HSCs (CD150þ CD48e c-KITþ SCA-1þ) analyzed on days 7. (J)

and (K) An in vivo assay was applied to evaluate the role of necroptosis in R878H mice. (J) The cartoon shows the procedure for repeated in vivo

TNFa injections in WT, Dnmt3aR878H/þ, Ripk1K45A, Ripk3D/D and Mlkle/e mice (TNFa: 5 mg/mouse), intravenously. All of these mice were

analyzed 48 h later. (K) The histogram depicts the absolute number of HSC (CD34e CD150þ LSK) in the bone marrow of indicated genotypic

mice treated with TNFa (n Z 3 mice per group from 2 independent experiments). All data above are shown as mean � SD, NS represents no

significance.
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and RIPA56 (RIPK1 inhibitor) treatment, which suggests that both
R878H and WT LSKs undergo cell death through RIPK1-
mediated necroptosis (Fig. 6E). These data indicate that LSK
cells carrying DNMT3A R878H compromised TSZ-induced
necroptosis rather than TS-induced apoptosis.

To further verify this observation, we evaluated the expression
of RIPK1, RIPK3, MLKL and phosphorylated MLKL (p-MLKL)
in c-KITþ bone marrow cells of R878H and WT mice upon TSZ
treatment (Fig. 6F). The result show that RIPK1 and RIPK3
decreased in R878H cells, which is consistent with the trend we
observed in mRNA levels (Fig. 6G). Furthermore, we detected
decreased p-MLKL, the final executioner of necroptosis, in
R878H cells upon TSZ treatment (Fig. 6G), which confirmed that
the necroptosis signaling is compromised in R878H cells.

The above result revealed that R878H cells, but not WT
cells, acquire survival advantage by dampening TNFa-activated
necroptosis. To further confirm this observation, we treated WT
and R878H HSCs with various combinations of TNFa, RIPA56
(necroptosis inhibitor38) and resibufogenin (RES, necroptosis
activator39) (Fig. 6H). The result show that necroptosis inhibi-
tion fully restores WT HSCs survival from TNFa insults, and
then resulted in no difference between WT and R878H HSCs,
indicating that TNFa impairs WT HSCs by activating nec-
roptosis and necroptosis may be the target of R878H HSCs to
resist TNFa cytotoxicity (Fig. 6I, Fig. S6B and S6C). When
necroptosis signaling was activated by RES, we observed that
the number of HSCs in both WT and R878H groups dropped
significantly compared to the control group and TNFa-treated
groups (Fig. 6I). Additionally, no difference was observed be-
tween WT and R878H HSCs in response to TNFa plus RES
treatment, indicating that necroptosis activation abrogates the
resistance of R878H HSCs to TNFa cytotoxicity (Fig. 6I, Fig.
S6B and S6C).

To further verify this observation in vivo, we challenged two-
month old WT, Dnmt3aR878H/þ, Ripk1K45A, Ripk3D/D and Mlkle/e

micewith 3 doses of TNFa (5mg/mouse, intravenous injection) every
12 h and analyzed them 48 h later (Fig. 6J). The results show that
TNFa injection depletes HSCs inWTmice to about half of the PBS-
treated counterpart, while the number of HSCs in Dnmt3aR878H,
Ripk1K45A, Ripk3D/D and Mlkle/e mice keeps static (Fig. 6K). The
above data suggest that DNMT3A R878H protected HSCs from in-
flammatory insult by modulating necroptosis signaling.

Collectively, these results suggest that DNMT3A R878H reg-
ulates HSC survival upon TNFa stress by inhibiting necroptosis.

4. Discussions

In this study, we found that the necroptosis signaling was
compromised in DNMT3A R878H cells, which resulted in
enhanced reconstitution capacity of R878H HSCs upon aging-
elevated inflammation. This process promotes the expansion of
R878H cells in the aged bone marrow milieu, and furthermore
leads to clonal hematopoiesis with aging. Similarly, a previous
study revealed that IFNg signaling promotes Dnmt3ae/e clonal
expansion40. In addition, TNFa promotes the clonal expansion of
JAK2 V617F myeloproliferative neoplasm cells41, and LPS-
induced inflammation promotes the clonal hematopoiesis of
Tet2�/� cells28. All these results reveal an important scientific
finding that inflammation may be a key factor resulting in the
occurrence of clonal hematopoiesis with aging.

A previous study showed that mice transplanted with OPN-
treated aged HSCs exhibit an almost twofold reduction of HSCs
frequency42, indicating that OPN may serve as a positive regulator
promoting HSC differentiation. It is notable that the expression of
OPN is increased in the bone marrow of aged recipients (Fig. 5A).
Therefore, it is possible that aging-elevated inflammatory factors,
such as TNFa promotes the clonal expansion of R878H HSCs,
and at the same time, other aging-elevated factors in the aged bone
marrow microenvironment, such as OPN, may promote the dif-
ferentiation of R878H HSCs, which finally results in the clonal
expansion of R878H cells in age recipients. Further studies to
untangle the complexity between the expansion and differentiation
of R878H HSCs are worth exploring, which may pave the way for
the treatment of DNMT3A R882-based clonal hematopoiesis and
hematopoietic malignancies.

We found that the RIPK1eRIPK3eMLKL-mediated nec-
roptosis pathway is compromised in the HSPCs of DNMT3A
R878H, and treatment with necroptosis agonists can restore this
process. Therefore, the inhibition of necroptosis may be an in-
ternal mechanism that promotes the growth advantage of
DNMT3A R878H HSCs. A recent study suggested that the
functional decline of WT HSC induced by chronic inflammation
can be reversed by blocking the necroptosis pathway43, indi-
cating that necroptosis may be an important form of cell death in
HSC upon inflammatory insults. However, it is not clear whether
the expression level of necroptosis genes in R878H HSPCs is
related to their DNA methylation status. A previous report
showed that the promoter region of Ripk3 was hypomethylated
in DNMT3A R878H LSK cells by conducting a genome-wide
DNA methylation profile13. Other studies revealed that the
expression of RIPK3 is negatively correlated with the methyl-
ation status in its promoter44 and methylation-mediated
silencing of RIPK3 is observed in cancer cell lines45. Based
on the above conclusion, the expression of RIPK3 should be
increased in DNMT3A R878H LSK cells. While we observed
the expression of RIPK3 was decreased in R878H HSPCs.
Therefore, we attempted to speculate that the expression of
Ripk3 and other necroptosis genes might not be directly regu-
lated by DNA methylation. A previous study showed that
DNMT3A R882 mutant protein preferentially interacts with
polycomb repressive complex 1 (PRC1), and then results in gene
silencing46. It is conceivable that the necroptotic proteins may
be regulated by PRC1, which results in the reduction of nec-
roptotic proteins.

Given that R878H cells compromised the necroptosis pathway
to withstand the inflammatory stress, we tried to overexpress
Ripk1 or Ripk3 in R878H HSPCs. Both WT and R878H cells
transduced with lentiviruses expressing Ripk1 and Ripk3 failed to
give any discernible reconstitution (data not shown), indicating
that excessive activation of necroptosis results in cell death.

In patients, DNMT3A R882 mutations are more frequently
observed in MDS or AML than clonal hematopoiesis47. In addi-
tion, a recent study showed that single-mutant clones carrying the
DNMT3A R882 missense mutation were less frequently detected
than non-R882 DNMT3A missense mutant initiating clones48.
According to these clinical data, DNMT3A R882-inhibited nec-
roptosis may contribute to leukemogenesis in addition to pro-
moting clonal hematopoiesis.

Given that the DNMT3A R882 mutations occur in a variety of
leukemia5, and patients with the mutations have an inferior
outcome after chemotherapy13. Thus, developing small molecule
inhibitors targeting DNMT3A R882 mutations will have important
clinical significance, which is focused on by another project of
ours.
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5. Conclusions

We found that the up-regulated TNFa signaling in the aged bone
marrow microenvironment is one of the major factors that pro-
mote DNMT3A R878H-driven clonal expansion of HSCs by
preventing necroptosis upon TNFa and LPS-induced chronic in-
flammatory stimulation. Our findings provide the evidence that
inflammatory factor TNFa may play an important role in the
initiation and progression of DNMT3A R882 mutant clonal he-
matopoiesis, leukemia and the related disease.
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