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ABSTRACT

Clonal hematopoiesis (CH) refers to the age-related expansion of specific clones in
the blood system, and manifests from somatic mutations acquired in hematopoietic
stem cells (HSCs). Most CH variants occur in the gene DNMT3A, but while DNMT3A-mutant CH becomes
almost ubiquitous in aging humans, a unifying molecular mechanism to illuminate how DNMT3A-mutant
HSCs outcompete their counterparts is lacking. Here, we used interferon gamma (IFNy) as a model to
study the mechanisms by which Dnmt3a mutations increase HSC fitness under hematopoietic stress.
We found Dnmt3a-mutant HSCs resist IFNy-mediated depletion, and IFNy-signaling is required for
clonal expansion of Dnmt3a-mutant HSCs in vivo. Mechanistically, DNA hypomethylation-associated
overexpression of Txnip in Dnmt3a-mutant HSCs leads to p53 stabilization and upregulation of p21.
This preserves the functional potential of Dnmt3a-mutant HSCs through increased quiescence and
resistance to IFNy-induced apoptosis. These data identify a previously undescribed mechanism to
explain increased fitness of DNMT3A-mutant clones under hematopoietic stress.

DNMT3A mutations are common variants in clonal hematopoiesis, and recurrent
events in blood cancers. Yet the mechanisms by which these mutations provide hematopoietic stem
cells a competitive advantage as a precursor to malignant transformation remain unclear. Here, we use
inflammatory stress to uncover molecular mechanisms leading to this fitness advantage.

See related commentary by De Dominici and DeGregori, p. 178.

INTRODUCTION

Hemaropoietic stem cells (HSCs) randomly acquire somatic
mutations with age (1). The vast majority of these mutations
are inconsequential, but some variants provide a fitness advan-
tage to HSC clones, allowing them to become disproportion-
ally represented in the blood (2). This state of abnormal HSC
expansion without overt hematologic disease is known as
clonal hematopoiesis (CH), and is associated with increased
risk of cardiovascular events and blood cancers (3-5). Approxi-
mately 50% of all genetic variants in CH occur in the gene
DNMT3A (6), which encodes a de novo DNA methyltransferase
enzyme responsible for establishing new DNA methylation
patterns during development and stem cell fate decisions (7,
8). DNMT3A is also recurrently mutated in blood diseases such
as acute myeloid leukemia (AML; ref. 9) and myelodysplastic
syndromes (MDS; ref. 10) where it functions as an initiating
mutation (11). Emerging evidence indicates somatic DNMT3A
variants can be acquired early in life (12, 13), before becoming
almost ubiquitous in the aging population (14).

Mouse models show Dnmt3a loss-of-function skews
HSC fate decisions toward self-renewal, facilitating clonal
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expansion in the bone marrow (BM; ref. 15, 16). However,
analysis of DNA methylation and gene expression patterns in
mouse (15, 17) and human (17, 18) systems have yet to iden-
tify a unifying molecular mechanism to explain the increased
fitness of these mutant HSCs. The competitive advantage of
Dnmt3a-mutant HSCs is exacerbated by hematopoietic stress
such as serial transplantation (19) and microbial infection
(20). In addition to genetics, environmental factors likely
contribute to clonal selection in CH. In particular, chronic
inflammation has been proposed as an environmental pres-
sure that selects for certain clones in CH (21, 22). We recently
showed ulcerative colitis patients have a higher incidence
of DNMT3A-mutant CH associated with increased serum
IFNy (23). Here, we used IFNy as a model of inflammatory
stress to study the molecular mechanisms that empower
Dnmt3a-mutant HSCs with a fitness advantage. We found
Dnmt3a-mutant HSCs specifically resist IFNy-mediated
depletion, and IFNysignaling is required for clonal expansion
of Dnmt3a-mutant HSCs in vivo. Complementary genomic
techniques identified a Txnip-p53-p21 pathway that preserves
the functional potential of Dnmt3a-mutant HSCs under
conditions of inflammatory stress, which was validated by
functional genetic rescue experiments in vivo. These findings
highlight a novel mechanistic basis to explain the increased
fitness of Dnmt3a-mutant HSCs, and supports rationale for
developing interventions to mitigate expansion of premalig-
nant clones as a method of blood cancer prevention.

RESULTS

DNMT3A-Mutant HSCs Are Insensitive to the
Deleterious Effects of IFNy In Vivo

Mouse genetic models were generated to represent the
spectrum of DNMT3A mutations found in human CH;
Dnmt3a heterozygous (Vav-Cre;Dnmt3a* = Dnmt3a"ET) and
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homozygous (Vav-Cre;Dnmt3a¥? = Dnmt345°) hematopoietic
loss-of-function, and a knockin model (24) analogous
to the point mutation most prevalent in AML (Vav-
Cre;Dnmt3a”8788/+ = Dnmt3a%87%). Most DNMT3A variants in
human CH are missense heterozygous loss-of-function (6).
However, we and others have shown that Dnmt34"ET HSCs
produce only modest phenotypes in mice (25, 26), likely
because these variants provide very minor fitness advantages
to HSCs (2) that require the extended lifespan of humans to
manifest measureable phenotypes. In mice, complete loss of
Dnmt3a function is required to generate robust phenotypes.
Inclusion of the Dnmt34%¥7® model (although this variant is
less prevalent in CH than AML) allows for the most complete
analysis of Dnmt3a mutations in HSC function.

To examine how Dnmt3a mutations impact the HSC
response to IFNy, hematopoietic chimeras were created by
transplanting recipient mice (CD45.1) with 5.0 X 10° BM cells
from control (Vav-Cre;Dnmt3a**), Dnmt3a""T, Dnmt3a*°, or
Dnmt3a"78 mice in competition with 5.0 x 10° BM cells from
congenic wild-type (CD45.1) mice. Recipients were treated
with PBS (control) or recombinant mouse IFNy (Fig. 1A).
IFNy treatment had minimal impact on peripheral blood
engraftment (Supplementary Fig. S1A and S1B). Control
HSCs (Supplementary Fig. S1C) were reduced following
IFNYy treatment in relation to PBS-treated mice (Fig. 1B). In
contrast, Dnmt3a"EY) Dpnmt3a%°; and Dnmt3a%7® HSCs (Sup-
plementary Fig. S1D) were resistant to depletion in response
to IFNy (Fig. 1B; Supplementary Fig. S1E). To determine the
functional consequences of prior IFNy exposure on long-term
HSC function, 200 donor-derived HSCs (CD45.2"Lineage c-
Kit*EPCR*CD48°CD150") were purified from primary trans-
plants and transferred to secondary recipients along with
2.5x10° fresh BM competitor cells. The trend toward impaired
peripheral blood engraftment of IFNy-treated control HSCs
was not observed from IFNy-treated Dnmt3a-mutant HSCs
(Supplementary Fig. S1F). While IFNy was detrimental to the
self-renewal of control HSCs, clonal expansion of Dnmt3a"ET,
Dnmt3a%°, and Dnmt3a™¥”8 HSCs was unaffected (Fig. 1C).

To determine whether human HSCs showed a similar
phenotype, cord blood CD34* cells were nucleofected with
Cas9-RNPs (27) complexed with guide RNA (gRNA) target-
ing DNMT3A or the inert AAVSI locus (negative control).
Edited CD34" cells were transplanted into NSG mice, then
randomized to receive either recombinant human (hIFNYy)
or vehicle (PBS; Fig. 1D). As with mice, treatment with
hIFNy did not influence peripheral blood engraftment of
human cells (Supplementary Fig. S2A and S2B). Analysis
of the BM (Supplementary Fig. S2C) showed the increased
abundance of DNMT3A-targeted HSCs was not influenced
by IFNy treatment (Fig. 1E). As the self-renewal phenotype
of murine Dnmt3a-mutant HSCs is exacerbated by serial
transplant, we attempted to perform secondary transfer
of cord blood cells that has not previously been reported.
We found transfer of 1 X 10° hCD34* cells from primary
recipients via intratibial injection was required for robust
engraftment in secondary recipients. Again, while peri-
pheral blood engraftment was not different between geno-
types (Supplementary Fig. S2D), the trend toward reduced
self-renewal of IFNy-treated AAVSI-targered HSCs was not
observed in IFNYy-treated DNMT3A-targeted HSCs (Fig. 1F).

Analysis of CRISPR genome edit variant allele frequency
(VAF) revealed that DNMT3A mutations maintained their
clone size, whereas AAVSI mutations were depleted over
serial transplantation (Supplementary Fig. S2E) and by
IFNy treatment (Fig. 1G). Cumulatively, these data suggest
that Dnmt3a-mutant HSCs are specifically resistant to IFNy-
mediated depletion.

DNMT3A-Mutant HSCs Are Resistant to
IFNy-Induced Apoptosis

One of the major mechanisms of inflammation-mediated
attrition of HSCs is sensitization to stress-induced apoptosis
(28). To examine this, mice were injected with two doses of
recombinant cytokines 24 hours apart. HSCs were purified
2 hours after the second dose, then apoptosis was examined
immediately after purification (fresh) or after a 16-hour cul-
ture period. All HSC genotypes express comparable levels of
cell surface IFNgrl (Fig. 2A) and showed equivalent activa-
tion of the IFNy target gene Statl (Fig. 2B). Thus, any dif-
ferences should not result from the inability of the mutant
HSCs to sense or respond to IFNY. There were no differences
in apoptosis (cleaved Caspase 3/7 activity) between freshly
isolated HSCs of any genotype (Fig. 2C). While IFNy-treated
control HSCs showed significantly elevated apoptosis after
culture, this response was absent in Dnmt3a-mutant HSCs
(Fig. 2D). Moreover, the apoptotic resistance phenotype of
Dnmt3a-mutant HSCs to IFNy was not observed after expo-
sure to related proinflammatory cytokines (Fig. 2E). These
results demonstrate that Dnmt3a mutations render HSCs
specifically insensitive to IFNy-induced apoptosis.

IFNy Signaling Is Required for Clonal Expansion of
Dnmt3a-Mutant HSCs

To study the cell-intrinsic role of IFNy-signaling in HSC
function, Dnmt3a-mutant mice were crossed to mice lack-
ing the IFNy receptor (IFNgrl™~ = IFNgr1¥©). In unperturbed
adult (~12-week old) mice, genetic loss of IFNgrl normal-
ized the increased abundance of Dnmt3a-mutant HSCs in
the BM (Supplementary Fig. S3A and S3B). HSC function
was assessed by competitive transplantation of 200 pheno-
typically defined (Lineage c-Kit*EPCR*CD48°CD150*) HSCs
against 2.5 X 10° congenic BM cells (Fig. 3A). While loss
of IFNgrl had no effect on blood contribution from con-
trol HSCs, Dnmt3a%° and Dnmt34"781 HSCs lacking IFNgrl
showed significantly reduced myeloid cell output (Fig. 3B).
Loss of IFNgrl also hindered lymphoid production from
Dnmi3aR878" HSCs (Fig. 3B). Analysis of recipient mice BM
18 weeks posttransplant showed loss of IFNgrl ameliorated
the clonal expansion of Dnmt3a*° and Dnmt3a"781 HSCs
while having no effect on the self-renewal of control HSCs
(Fig. 3C). These data show IFNy signaling is required for the
enhanced self-renewal of Dnmt3a-mutant HSCs. IFNy signal-
ing does not appear a universal CH selection mechanism as
genetic deletion of IFNgrl from Vav-Cre;Ter2V? (= Ter2X0)
HSCs had no effect on their competitive advantage in analo-
gous transplantation experiments (Supplementary Fig. S3C
and S3D).

If Dnmt3a-mutant HSCs require IFNy signaling for clonal
expansion, then reducing systemic IFNy levels could repre-
sent a targetable approach for impeding DNMT3A-mutant
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Figure 1. DNMT3A-mutant HSCs are insensitive to the deleterious effects of IFNyin vivo. A, Schematic of competitive transplant where recipients
were challenged with IFNy. B, Number of donor-derived HSCs (CD45.2*Lineage c-Kit*EPCR*CD48-CD150*) in BM of recipients 18 weeks postprimary
transplant (n =8-15). C, Quantification of donor-derived HSCs in BM of recipients 18 weeks postsecondary transplant (n = 3-5). D, Schematic of trans-
plantation of CRISPR-edited human CD34* cord blood cells into NSG mice. E, Number of human HSCs (mCD45-hCD45*Lineage"CD38-CD34*CD45RA"
CD90*CD49f*) in BM of NSG recipients 18 weeks posttransplant (n=5-9). F, Number of human HSCs in BM of NSG recipients 18 weeks postsecondary
transplant (n=2-4). G, Relative clone size of CRISPR-edited human cells postsecondary transplant (hCD45* BM). VAF postsecondary transplant was
normalized to that of pretransplant CD34* cells. One-way ANOVA; ¥, P < 0.05; **, P < 0.01. Data represent mean + SEM.
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Figure 2. DNMT3A-mutant HSCs are resistant to IFNg-induced apoptosis. A, Cell surface protein expression (MFI) of IFNgr1 on HSCs (Lineage™c-
Kit*"EPCR*CD48-CD150%) measured by flow cytometry. B, Relative mRNA level of Statl in HSCs 2-hours after in vivo exposure to IFNy(n = 2-4) measured

by gPCR. C, Cleaved caspase 3/7 activity of HSCs freshly purified from mice treated with PBS or IFNy (n=2-9). D, Cleaved caspase 3/7 activity in
HSCs purified from mice treated with PBS or IFNyafter a 16-hour culture period (n=4-12). E, Cleaved caspase 3/7 activity in HSCs (WT = Control;
KO = Dnmt3aX0) from mice treated with indicated cytokines or PBS after a 16-hour culture period (n =3-9). One-way ANOVA; * P < 0.05; **, P< 0.01;

*** P<0.001.Data represent mean + SEM.

CH. To examine this, 200 control or Dnmt3a%° HSCs were
transplanted into wild-type (WT) or IFNy-deficient (IFNg”/")
mice with 2.5 x 10° BM cells matched to recipient genotype.
Loss of systemic IFNy reduced blood chimerism of both
control and Dnmt3a*° cells compared with transplantation
into IFNYy-replete environments (Fig. 3D). BM analysis post-
transplant showed comparable numbers of control HSCs
in WT and IFNy/" recipients. Conversely, Dnmt3a*° HSCs
were significantly reduced in IFNy/~ recipients (Fig. 3E),
suggesting that both intrinsic IFNy signaling and extrin-
sic IFNy stimulation are required for clonal expansion of
Dnmt3a-mutant HSCs.

Dnmt3a Mutations Confer HSCs a Fitness
Advantage under Repeated IFNy Exposure

Although the competitive advantage of Dnmt3a-mutant
HSCs during inflammation has been implied (20, 23), no
direct experiments have been performed to quantify fit-
ness between mutant and WT HSCs in response to IFNy.
We created a novel model to examine HSC competition
under chronic IFNy exposure. Mice bearing a doxycycline-
inducible IFNy allele were crossed to Rosa26"TA"M2 mice
on an IFNgrl”/~ background (tetO_IFNg; Rosa26"TAM2

IFNgri*© = “TetON-IFNg”), so the resultant BM can over-
express IFNy in response to doxycycline, but remain insen-
sitive to the effects of this IFNy overexpression and serve
as a consistent internal control. Titration of doxycycline
concentration in chow (Supplementary Fig. S4A) identi-
fied a dose that approximated serum levels of IFNy in mice
infected with the Mycobacterium avium pathogen (29). To
model a 10% VAF for CH variants, chimeras were created by
transplanting a 1:1:8 ratio of test BM (1.5 x 10° CD45.2 -
control, Dnmt3a"T) Dnmit3a%°, Dnmt3a™78), wild-type com-
petitor BM (1.5 X 10° CD45.1/2 Ubc-GFP), and TetON-IFNg
or control (Rosa26"TA-M2; JENgr1¥© = “TetON”) BM (1.2 x 10°
CD45.1). Four weeks posttransplant, recipients were placed
on weekly cycles on 1,250 ppm doxycycline chow (Fig. 3F),
mimicking episodic inflammation. Chronic IFNy exposure
did not significantly alter blood chimerism (Supplementary
Fig. S4B) for each donor cell genotype relative to engraft-
ment in TetON chimeras (Supplementary Fig. S4C). HSC
fitness was calculated as the ratio of test CD45.2: CD45.1/2
Ubc-GFP HSCs per mouse (Supplementary Fig. S4D). A ratio
of 1 indicates equal competition. Control test HSCs pos-
sessed an advantage without IFNYy due to the described fit-
ness deficit of Ubc-GFP HSCs (30). However, this advantage
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was diminished under chronic IFNy (Fig. 3G). Conversely,
fitness of Dnmt3a-mutant HSCs was generally unaffected
by chronic IFNy, and was in fact enhanced for Dnmt3a4"78
HSCs (Fig. 3G). Serial transplantation was performed by
transferring 7.0 X 10° c-Kit-enriched BM cells from primary
recipients into secondary mice to preserve clonal composi-
tion (Fig. 3F). In secondary recipients, there was a marked
reduction in blood output of control HSCs previously
exposed to IFNy (Supplementary Fig. S4E). In contrast,
IFNy-exposed Dnmt3a-mutant cells showed significantly
increased blood engraftment in secondary transplant (Sup-
plementary Fig. S4E), showing a fitness advantage over
WT cells previously exposed to chronic IFNY. Self-renewal
of Dnmt3a-mutant HSCs with prior IFNy treatment was
enhanced postsecondary transplant (Fig. 3H; Supplemen-
tary Fig. S4F).

Dnmt3a-Mutant HSCs Retain Quiescence after
IFNy Challenge

To investigate the molecular mechanisms underlying the
fitness advantage of Dmmt3a-mutant HSCs under IFNy,
RNA-seq was performed on HSCs from mice at baseline
and after a 2-hour IFNy treatment to examine gene expres-
sion. In unmanipulated mice, there were few significantly
differentially expressed genes (DEG) between control and
Dnmt3aX%° HSCs (Fig. 4A), consistent with prior studies
(15). In support of the functional data, genetic deletion
of IFNgrl in Dnmt3a*° HSCs normalized gene expression,
including the previously reported (15) upregulation of HSC
“stemness” genes (Supplementary Fig. SSA). Control and
Dnmit3a*° HSCs displayed a similar transcriptional response
to IFNy (Supplementary Fig. S5B). In HSCs at baseline,
gene-set enrichment analysis (GSEA) revealed suppression
of cell-cycle networks (E2F targets, G,-M checkpoint) in
Dnmt3a%° HSCs, whereas p53 pathway targets were acti-
vated (Fig. 4B). Comparison of IFNy-stimulated HSCs
showed a more robust IFN response in Dnmt3a%° HSCs, but
cell cycle-related genesets remained suppressed (Fig. 4C),
suggesting Dnmt3a%° HSCs may have a different prolifera-
tive response to IFNy exposure.

Loss of quiescence is a major factor leading to erosion
of HSC self-renewal (31, 32). As IFN stimulation is known
to induce HSC proliferation (29, 33), we hypothesized that
Dnmt3a-mutant HSCs may resist the detrimental effects of
IFNy exposure by maintaining a quiescent state. To exam-
ine HSC proliferation in vivo, mice were labeled with BrdU
and treated with PBS (control) or IFNy (Fig. 4D). Con-
trol HSCs were stimulated to proliferate in response to
IFNy (Fig. 4E). Proliferation of IFNgri¥® HSCs was not
different than control HSCs in mice treated with PBS, and
remained unchanged following IFNy treatment. However,
Dnmt3a*° HSCs were more quiescent at baseline, and their
proliferation was unaltered in response to IFNy (Fig. 4E).
This suggests an uncoupling of the molecular response of
Dnmt3a%° HSCs to IFNy exposure with the normal func-
tional effect of increased proliferation. Deletion of IFNgrl in
Dnmt3a%°© HSCs restored their proliferation rate at baseline
to that of control HSCs (Fig. 4E). Dnmt3a*°IFNgr1*°® HSCs
remained insensitive to IFNy, suggesting the effect is cell
intrinsic. Dnmt3a"ET HSCs were not more quiescent than

the control HSCs at baseline, but like Dnmt34%° HSCs were
resistant to IFNy-induced proliferation (Fig. 4E).

To track HSC division on a clonal level, a histone labeling
strategy was used. Control (Vav-Cre;Dnmt3a*/*; Rosa267 M2
Col1a1%tO-H2B-GFP)  and  Dpmt3a*®  (Vav-Cre;Dnmt3a™/!,
Rosa267TAM2; (Col]41%tO-H2B-GFP) 'mice were administered
doxycycline chow for three weeks to label cells with H2B-
GFP, then withdrawn from doxycycline for one week prior
to experimentation to “wash out” the H2B-GFP label.
H2B-GFP is quickly lost from proliferative hematopoietic
cells, while being retained by the quiescent HSCs. The
purpose of using H2B-GFP labeling in this experiment
was to aid microscopic visualization of single HSCs. H2B-
GFP labeled mice were treated with PBS (control) or IFNy,
then individual H2B-GFP* HSCs were purified and moni-
tored in vitro (Fig. 4F). Time to first division was not dif-
ferent between PBS-treated control and Dnmt34X° HSCs.
While IFNy treatment accelerated time to first division for
control HSCs, Dnmt34%° HSCs were unaffected (Fig. 4G),
again indicating Dnmt3a-mutant HSCs resist proliferation
following IFNy exposure. To more specifically determine
whether Dnmt3aX° HSCs were restricted at defined stages
in cell cycle, Ki67/DAPI staining was performed on BM
from PBS- or IFNy-treated mice. Analysis was performed
on both freshly isolated BM (Supplementary Fig. S5C), and
also after HSCs were purified and cultured for 26 hours to
stimulate proliferation. While there were no significant cell-
cycle differences in freshly analyzed HSCs (Supplementary
Fig. S5D), Dnmt3a™78 and Dnmt3a%° HSCs showed a delayed
exit from G after a 26-hour culture period with concomi-
tant deceases of HSCs in G, and S/G,-M (Fig. 4H). This
suggests quiescence-enforcing mechanisms may delay the
proliferative activation of Dnmt3a-mutant HSCs following
IFNYy exposure.

Txnip Is a DNA Methylation-Sensitive Gene
Involved in HSC Stress Response

The single-cell division assay also revealed another inter-
esting observation: while virtually all IFNy-treated control
HSCs had divided by 72 hours in culture, approximately
30% of Dnmt3aX® HSCs had not divided by this timepoint,
suggesting some clonal heterogeneity even within this
highly purified cell population. To investigate this, single-
cell RNA-seq was performed on PBS- and IFNy-treated
control and Dnmt3a%° Lineage c-Kit"EPCR" cells. UMAP
clustering showed treatment was a stronger influence on
transcriptome than genotype (Fig. 5A, left). Assignment of
cell identities (Fig. 5B) resolved two clusters of HSCs, with
both genotypes grouped together but separated by treat-
ment (Fig. 5A, right). Similar to the bulk HSC RNA-seq
data, analysis of single-cell transcriptomic data identified
only approximately 50 DEGs in the HSC clusters between
genotypes and treatments. GSEA comparison of PBS-treated
HSCs replicated many of the findings of bulk RNA-seq such
as downregulation of “E2F targets” and “MYC targets”
in Dnmt3a%° HSCs, whereas analysis of IFNy-treated cells
confirmed the increased IFNY signaling in Dnmt3a%° HSCs
(Supplementary Fig. SSE). The functional differences of
Dnmt3a%° HSCs were not due to the inability to upregulate
immediate early response genes and myeloid differentiation
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factors in response to IFNy (Supplementary Fig. SSF), but
the single-cell RNA-seq was not able to resolve discrete
Dnmt3a*° HSC subpopulations which may be primed for
differential IFNYy responses as suggested from the single
HSC division assay (Fig. 4G).

Thioredoxin interacting protein (Txnip) was one of
the few genes upregulated specifically in Dnmt34%° HSCs
(Fig. 5C), and its expression pattern was HSC-predominant
(Fig. 5D). This gene was of interest due to its described role
in HSC function (34), cell-cycle regulation (35), and stress
response (36). Targeted qPCR confirmed the upregulation
of Txnip in Dnmt3a%° HSCs at baseline, and while there
was a trend for reduced Txnip in IFNy-treated control
HSCs, there was no diminution of the levels in IFNy-
treated Dnmt3aX° HSCs (Fig. SE). To determine whether
the gene expression changes of Dnmt3a-mutant HSCs
under IFNy stress were associated with DNA methylation
differences, whole genome bisulfite sequencing (WGBS)
was performed on cells from TetON-IFNy chimeric mice
postprimary transplant. WGBS was performed on donor-
derived (CD45.2*) BM cells as we have previously shown
that the DNA methylation changes in Dnmt3a-mutant
HSCs manifest more prominently in their differentiated
progeny (15). Dnmt3a%° cells showed global hypometh-
ylation, whereas the overall genomic DNA methylation
profile of Dnmt3a"ET cells was virtually indistinguishable
from control cells (Supplementary Fig. S6A). Exposure to
chronic IFNy did not dramatically alter the methylome of
any genotype (Supplementary Fig. S6B). Identification of
differentially methylated regions (DMR) showed virtually
all differences in DNA methylation were driven by geno-
type, rather than treatment (Supplementary Fig. S6C-S6E).
This suggests the differences of Dnmt3a-mutant HSCs in
response to IFNy were not associated with DNA methylome
remodeling. However, it has been shown that focal changes
in DNA methylation in DNMT3A-mutant samples may
have important biological consequences (18, 37). Dnmt3a-
mutant cells showed a hypomethylated DMR in the Txnip
regulatory region (Supplementary Fig. S6F), although
the DNA methylation level was not altered by IFNy treat-
ment, suggesting this loss of methylation was a canoni-
cal consequence to Dnmt3a loss-of-function. The same
region was also hypomethylated specifically in Dnmt3aX°
and Dnmt3aR%7® HSCs (Fig. SF). As this genomic region
overlapped with ENCODE active enhancer histone marks,
the DMR was cloned into a methylation-sensitive reporter
assay. In the absence of DNA methylation, the DMR func-
tioned as an active regulatory element (Fig. 5G). Artificial
methylation of the reporter plasmid with the bacterial CpG
methyltransferase M.SssI ablated this regulatory element
activity (Fig. 5G). These observations suggest Txnip may be

«

a DNA methylation-sensitive gene that primes the stress
response of Dnmt3a-mutant HSCs.

Txnip Upregulates p21 in Dnmt3a-Mutant HSCs in
Response to IFNy

Txnip is a thiol-oxidoreductase that controls cellular redox
signaling to protect cells from oxidative stress, and regulates
HSC quiescence under stress conditions (34) by stabilizing
p53 protein via direct interaction (38). H,DCFDA stain-
ing was performed in HSCs to correlate Txnip upregulation
in Dnmt3aX° with reactive oxygen species (ROS; Supple-
mentary Fig. S7A). While IFNy-treatment increased ROS in
control HSCs, this response was absent in Dnmt34" T and
Dnmt3a%° HSCs (Supplementary Fig. S7B). Given the acti-
vated p53 gene expression signature in naive Dnmt3a-mutant
HSCs (Fig. 4B), we hypothesized Txnip may function in the
response of Dnmt3a-mutant HSCs to IFNy by regulating p53
and its targets. p5S3 has diverse functions in HSC responses
to inflammation (28), which can be broadly classified as sur-
vival, apoptosis, and cell-cycle depending on the context. To
examine p53 target genes that might explain the functional
differences of Dnmt3a-mutant HSCs to IFNYy, gene expression
analysis was performed on HSCs from mice treated with IFNy.
There were no IFNy-induced differences in transcript levels of
pS3 itself, or major p53 targets for prosurvival (Bel2, Mcll)
or proapoptosis (Bax, Puma) across HSC genotypes (Supple-
mentary Fig. S7C). However, the p53 target gene Cdknla (p21)
was significantly upregulated in Dnmt34%° HSCs at baseline
and further increased after IFNy treatment (Fig. 6A). A simi-
lar expression profile was observed in DNMT3A-edited cord
blood CD34* cells after transplant (Supplementary Fig. S7D).
Hematopoietic progenitor-enriched BM cells (Lineage™c-Kit")
from Dnmt3a-mutant mice also showed upregulation of p21
associated with p53 stabilization following IFNy (Fig. 6B;
Supplementary Fig. S7E). Dnmit3a%° mice were crossed
to pS37" mice and the progeny treated with PBS or IFNy.
Gene expression analysis showed the upregulation of p21 in
Dnmt3a%° HSCs was pS3-dependent (Fig. 6A).

p21 is a potent cell-cycle inhibitor (39), thus we hypoth-
esized that p21 upregulation may be the downstream effector
that preserves the quiescence of Dnmt3a-mutant HSCs under
IFNy challenge. To test this, c-Kit-enriched BM from con-
trol, Dnmt34%° and Dnmt3a""® (the Dnmt3a-mutant strains
with robust HSC phenotypes) mice was transduced with
lentiviruses expressing one of two shRNAs targeting p21
(Supplementary Fig. S7F) or a nontargeting Renilla control
shRNA. 1.5 x 10° transduced c-Kit" cells were transplanted in
competition with congenic 2.5 x 10° BM cells, and then the
recipients were treated with PBS (control) or IFNy (Fig. 1A).
In terms of HSC clonal expansion, the reduction of Renilla
shRNA-transduced control HSCs following IFNy treatment

Figure 5. Txnip is a DNA methylation-sensitive gene involved in HSC stress response. A, UMAP clustering of single-cell RNA-seq data of control

and Dnmt3aXC Lineage™ c-Kit*EPCR* hematopoietic cells after treatment with PBS or IFNy. Left, clustering of cells by genotype and treatment. Right,
assignment of cell identities to cell clusters. Two clusters of HSCs are identified, which represents HSCs from both genotypes separated by treatment.
B, Marker gene expression used to assign identities to cell clusters. C, Volcano plot of differentially expressed genes (DEG) between IFNy-treated
control and Dnmt3ak® HSCs. D, Txnip expression in UMAP-clustered scRNA-seq data. Dashed lines outline HSC clusters. E, Txnip expression in HSCs
purified from mice treated with PBS or IFNy(n =4). F, DNA methylation profile of Txnip locus in HSCs determined by WGBS. Height of red bar indicates
methylation level of individual CpG. Black box denotes hypomethylated DMR in Dnmt3a-mutant HSCs. G, Luciferase activity of Txnip regulatory element
in methylation-sensitive reporter assay. Firefly luciferase activity was measured 48 hours posttransfection and normalized to Renilla luciferase levels

(n=6-9). One-way ANOVA; *, P < 0.05; **, P< 0.01. Data represent mean + SEM.
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was completely paralleled in the same HSCs transduced with
p21-targeting shRNAs (Fig. 6C and D). That is, p21 knock-
down had no influence on the response of normal HSCs
to IFNY. In contrast, the increased chimerism of Dnmt3aX®
and Dnmt3a"78 HSCs after IFNy (Fig. 6C) was completely
reversed following p21 knockdown (Fig. 6C-E). These data
suggest that p21 has genotype-specific functions in the stress
response of HSCs to inflammation.

Biochemical studies were performed to examine the role
of Txnip and p53 in the regulation of p21 in Dnmt3a-mutant
cells. For experiments requiring greater input than can be
obtained from primary HSCs, we used the mouse myeloid
progenitor 32D cell line as a surrogate model. After CRISPR/
Cas9-mediated Dnmt3a deletion, we confirmed these cells rep-
licated the IFNy-dependent increase in p21 seen in Dnmt3a-
mutant BM cells (Fig. 6F). As Txnip has been reported
to stabilize p5S3 protein in hematopoietic stress conditions,
protein interaction between Txnip and pS3 was examined
by immunoprecipitation. This showed an IFNy-dependent
increase in binding of Txnip to p53 specifically in Dnmt3a-
null 32D cells (Fig. 6G). As p53 regulates p21 expression by
transcriptional activation, ChIP-qPCR was performed for p53
occupancy at the well-annotated binding site in the p21 pro-
moter. WT and Dnmt3a-null 32D cells were transduced with
lentiviral shRNAs targeting Txnip (Supplementary Fig. S7F)
or Renilla control, then treated with either PBS (control) or
IFNYy. In Renilla-transduced cells, there was increased bind-
ing of p53 to the p21 promoter in Dnmt3a-null 32D cells
at baseline, which increased further after IFNy treatment
(Fig. 6H). In contrast, there was reduced p53 binding at the
p21 promoter in WT 32D cells treated with IFNy. Knockdown
of Txnip normalized binding of pS53 to the p21 promoter in
Dnmt3a-null 32D cells to approximate WT 32D cells, and was
unchanged in these cells after IFNy (Fig. 6H). This suggests
that in response to IFNy, Txnip binds p53 in Dnmt3a-mutant
cells, leading to p53 stabilization and increased binding to
the p21 promoter. The subsequent increased p21 expression
(Fig. 6I) hinders proliferation of Dnmt3a-mutant cells to
preserve functional potential. We did note that p53 binding
was significantly increased at the p21 promoter in WT 32D
cells following Txnip knockdown which was the opposite
response to Renilla-transduced cells (Fig. 6H). However, this
did not translate to increased p21 transcription (Fig. 6I) and
implies a fundamental difference in the molecular response
to IFNy between control and Dnmt3a-mutant cells.

Txnip Preserves Functional Integrity of
Dnmt3a-Mutant HSCs via p21

To validate Txnip as the upstream regulator of p2I in the
response of Dnmt3a-mutant HSCs to IFNy, shRNA trans-
plants were performed to reduce expression of Txnip as
previously described for p21. Similar to inhibition of p21,
Txnip knockdown did not influence the impaired self-renewal
of control HSCs exposed to IFNy (Fig. 7A). However, Txnip
shRNA-transduced Dnmt3a%° or Dnmt3a"7® HSCs pheno-
copied p21 knockdown whereby the competitive advantage
and clonal expansion of these HSCs under IFNy challenge was
mitigated by Txnip inhibition (Fig. 7B). p21 expression was
reduced in Txnip shRNA-transduced Dnmt3a*° or Dnmt34"78
HSCs (Supplementary Fig. S7G), implicating Txnip as an
important regulator of p21 in these mutant HSCs under
IFNy challenge.

To further the mechanistic connection between Txnip-
pS3-p21 in response to IFNYy, a genetic experiment was
performed by transducing H2B-GFP labeled control and
Dnmt3a%° HSCs with lentiviral shRNAs (Supplementary
Fig. S7F), followed by BM transplantation. After stable
engraftment, recipients were acutely treated with either
PBS or IFNy (Fig. 7C). HSC functional responses to IFNy in
terms of apoptosis and cell cycle were examined by cleaved
caspase 3/7 activity and single HSC division assay, respec-
tively. There were no significant differences in apoptosis
between any shRNA-transduced HSCs from PBS-treated
mice after culture (Fig. 7D), similar to previous observations
(Fig. 2D). HSCs transduced with the control Renilla shRNA
recapitulated the native setting with Dnmt3a%° HSCs resist-
ant to IFNy-induced apoptosis (Fig. 7D). Knockdown of
p33 reduced apoptosis in both IFNy-treated control and
Dnmt3a%° HSCs, likely because the genetic inhibition non-
specifically altered a myriad of p53-related cellular func-
tions, including induction of apoptosis (40). More specific
effects were observed from genetic inhibition of p2I and
Txnip. While p21 and Txnip inhibition was protective for
control HSCs following IFNYy exposure, knockdown of these
genes in Dnmt34X° HSCs increased IFNy-induced apop-
tosis to approximate the levels observed in control HSCs
(Fig. 7D). These data again highlight genotype-specific HSC
responses and implicate a protective function for Txnip
and p21 in preventing stress-induced apoptosis in Dnmt3a-
mutant HSCs in response to IFNY.

«

Figure 6. Txnip upregulates p21 in Dnmt3a-mutant HSCs in response to IFNy. A, p21 mRNA levels in HSCs (Lineage c-Kit*EPCR*CD48-CD150°)

from mice treated with PBS or IFNy (two doses, cells purified 2 hours after the second dose) measured by gPCR (n=2-6). B, Protein levels measured

by Western blot in hematopoietic progenitor cells (Lineage c-Kit*) from mice treated with PBS or IFNy (two doses, cells purified 2 hours after the

second dose). Representative of two independent experiments. C, Normalized level of BFP* cell chimerism in donor-derived HSC (CD45.2*Lineage c-
Kit*EPCR*CD48-CD150*) pool 18 weeks posttransplant. Ratio for each mouse is normalized to average BFP*HSC chimerism in PBS treatment for
individual shRNAs for each genotype to account for differences in transduction efficiency (n=4-5 per group). D, Representative flow cytometry plots
from mice transplanted with shRNA-transduced hematopoietic progenitor cells. Plots show BFP* HSC chimerism for each genotype and treatment

from Lineage c-Kit*EPCR*CD48-CD150*-gated BM. E, Number of BFP* donor-derived HSCs (BFP*CD45.2*Lineage c-Kit"EPCR*CD48-CD150+) in BM of
recipients 18 weeks posttransplant. Data for two independent shRNAs targeting p21 are compiled, denoted by square (p21-shRNA #1) or diamond (p21-
shRNA #2) shapes. F, Protein levels measured by western blot in 32D cells (WT = control; KO = Dnmt3aX®) following 24-hour IFNg (10 ng/mL) or PBS treat-
ment. Arrow indicates full-length Dnmt3a. Representative of two independent experiments, quantification shown underneath. G, Western blot analysis of
32D cell lysate (treated with PBS or IFNg for 24h; WT = control, KO = Dnmt3aX®) following immunoprecipitation with p53 antibody. Representative of two
independent experiments, quantification shown underneath. H, Chromatin-immunoprecipitation gqPCR analysis of p53 enrichment at p21 promoter in 32D
cells (WT = control, KO = Dnmt3aX®) transduced with shRNA targeting Renilla (control) or Txnip. Chromatin was isolated following a 24-hour exposure of
IFNy (10 ng/mL) or PBS (n=3-4).1, qPCR for p21 expression levels in the same cells used in H. One-way ANOVA (A, C, H, I) or two-tailed t test (E, data are
compared for IFNyrelative to PBS within each genotype/shRNA); *, P < 0.05; **, P < 0.01; ***, P < 0.001; ***, P < 0.0001. Data represent mean + SEM.
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In terms of cell cycle, IFNy treatment of control HSCs
transduced with Renilla shRNA reduced time to first division,
unlike Dnmt3a%° HSCs (Fig. 7E), analogous to the native
setting (Fig. 4G). In PBS-treated mice, Txnip inhibition had
minimal effect on time to first division in both HSC geno-
types compared with respective Renilla controls (Supplemen-
tary Fig. S7H). In IFNy-treated mice, while Txnip inhibition
in control HSCs had no effect compared with Renilla-shRNA,
Txnip inhibition in Dnmt3a®° HSCs restored their IFNy-
induced proliferative response (Fig. 7F). Analogous results
were observed from p21-shRNA-expressing IFNy-treated
Dnmt3a%° HSCs (Fig. 7F). Cumulatively, these data support
a model whereby loss of DNA methylation at Txnip pro-
moter in Dnmt3a-mutant HSCs, leads to increased expression
and primes an inflammatory stress response. When Dnmt3a-
mutant HSCs are challenged with IFNy, Txnip stabilizes p53
through direct protein interaction, leading to upregulation
of p21 which helps prevent IFNy-induced proliferation and
apoptosis (Fig. 7G), providing the fitness advantage required
to establish CH.

DISCUSSION

Because the identification of DNMT3A mutations in blood
malignancies, a unifying mechanism of how these variants
provide HSCs with a competitive advantage has proved elu-
sive. Here, we used IFNy as a selective pressure to identify
molecular pathways that increase fitness of Dnmt3a-mutant
HSCs. IFNy signaling is required for clonal expansion of
Dnmt3a-mutant HSCs in vivo, and chronic IFNy provides an
environment that selects these HSCs. Functionally, Dnmt3a-
mutant HSCs resist IFNy-induced apoptosis and preserve
quiescence, allowing them to gain clonal dominance.

This study identified a Txnip-p53-p21 mechanism that
protects Dnmt3a-mutant HSCs from the deleterious effects
of IFNYy. While chronic IFNy exposure did not dramat-
ically alter the DNA methylome, Txnip upregulation in
Dnmt3a-mutant HSCs was associated with a hypomethyl-
ated regulatory element. This reinforces previous findings
that DNMT3A loss-of-function does not lead to global DNA
methylation changes (15, 16, 19), yet focal methylation
alterations appear physiologically relevant (17, 18, 37, 41).
While there were few adaptive molecular changes in Dnmt3a-
mutant HSCs in response to IFNYy, hypomethylation and
upregulation of Txnip may prime Dnmt3a-mutant HSCs
to respond differently to inflammation. Our data show
under IFNy challenge, upregulation of Txnip leads to p53

<

stabilization via direct interaction, with consequent upregu-
lation of p21 preserving functional integrity of Dnmt3a-
mutant HSCs. Furthermore, dissecting each component of
this Txnip-pS53-p21 pathway revealed the relative importance
and functional contribution of each factor. Although p53
and p21 have a plethora of functions in HSCs, we demon-
strate a genotype-specific effect in preserving the functional
integrity of Dnmt3a-mutant HSCs in response to IFNY.
But while the importance of the Txnip-p53-p21 mechanism
was functionally validated in vivo, this pathway cannot be
the only molecular mechanism that increases the fitness
of Dnmt3a-mtuant HSCs. p53 has a multitude of context-
dependent activities in HSCs which may not be inextricably
linked to the presented mechanism. Indeed, constitutive
P53 activity impairs hematopoietic homeostasis and causes
HSC depletion (42). In this study, while Txnip and p21
shRNAs rescued the apoptosis and cell-cycle phenotypes
of Dnmt3a-mutant HSCs in response to IFNYy, p53 shRNAs
largely did not. Moreover, only a fraction of Txnip appears
to bind p53, suggesting Txnip has p53-independent actions.
These data highlight the complexity of the mechanistic
regulation of the HSC response to inflammation and how
CH mutations can corrupt normal pathways.

Recent studies have identified a role for DNMT3A in
the response of HSCs to chronic inflammation. The fitness
advantage of Dnmt3a-mutant HSCs was quantified here
using a novel transgenic IFNy overexpression mouse model
that enabled direct comparison between HSC genotypes.
The IFNy exposure regimen used in this study revealed an
enforced quiescence phenotype in Dnmt3a-mutant HSCs
by both in vivo BrdU labeling, cell-cycle analysis and in
vitro single-cell division assay. We propose that enhanced
quiescence-enforcing mechanisms, such as upregulation of
p21, in Dnmt3a-mutant HSCs protect them from extrinsic
forces that normally stimulate HSC proliferation and lead
to functional decline. Cell-cycle analysis showed Dnmt3a-
mutant HSCs show a delayed exit from G, in response
to IFNy. While p21 is more typically thought to function
as a regulator of the G,-S phase of cell cycle, p21 also
causes cell-cycle arrest in Gq in different settings (43, 44),
again reinforcing the idea that these mechanisms are highly
context-dependent. Moreover, there are likely many other
molecular barriers that impede cell-cycle entry of Dnmt3a-
mutant HSCs, one possibility being reduced metabolic
activity suggested by GSEA of IFNy-treated HSCs (Fig. 4C).
Importantly, this study demonstrates the first in vivo evi-
dence that human DNMT3A-mutant HSCs are sustained

Figure 7. Txnip preserves functional integrity of Dnmt3a-mutant HSCs via p21. A, Normalized level of BFP* cell chimerism in donor-derived HSC
(CD45.2*Lineage c-Kit*EPCR*CD48-CD150) pool 18 weeks posttransplant. Ratio for each mouse is normalized to average BFP*HSC chimerism

in PBS treatment for individual shRNAs for each genotype to account for differences in transduction efficiency (n=4-5 per group). B, Number of

BFP* donor-derived HSCs (BFP*CD45.2*Lineage c-Kit*EPCR*CD48-CD150") in BM of recipients 18 weeks posttransplant. Data for two independent
shRNAs targeting Txnip are compiled, denoted by square (Txnip-shRNA #1) or diamond (Txnip-shRNA #2) shapes. C, Schematic of functional genetic
rescue by lentiviral shRNA transduction in H2B-GFP-labeled HSCs. D, Cleaved caspase 3/7 activity of shRNA-transduced HSCs (GFP*BFP*Lineage c-
Kit*"EPCR*CD48-CD150") purified from mice treated with PBS or IFNy (two doses, cells purified 2 hours after the second dose). Apoptosis was
quantified following a 16-hour culture period (n=4-7). Data for two independent shRNAs targeting p53, p21 and Txnip are compiled. E, Time to first
division of H2B-GFP-labeled HSCs (GFP*BFP+Lineage c-Kit*EPCR*CD48-CD150%) of indicated genotypes transduced with Renilla-targeting shRNA
(control) from mice treated with PBS or IFNy (n = 4). F, Time to first division of H2B-GFP-labeled control or Dnmt3a® HSCs (GFP*BFP*Lineage c-
Kit*EPCR*CD48-CD150") transduced with shRNA targeting indicated genes from mice treated with IFNy (n=4). G, Schematic illustrating Txnip-p53-p21
axis in the preservation of Dnmt3a-mutant HSCs. One-way ANOVA (A), two-tailed t test (B, data are compared for IFNyrelative to PBS within each geno-
type/shRNA), two-way ANOVA (D and E) or one-way ANOVA with Tukey multiple test correction (F); *, P < 0.05; **, P < 0.01; ***, P < 0.001; **** P < 0.0001.

Datarepresent mean + SEM.
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in response to episodic IFNYy exposure. The relatively small
survival benefit observed in this model supports the premise
that the fitness advantage conveyed by DNMT3A mutations
in HSCs requires cumulative selection pressure over decades
to manifest human CH. One caveat to these studies that
must be acknowledged is the use of irradiation to condition
the hosts, a process that induces inflammation, but appro-
priate controls were included in each experiment.

Despite tremendous advances in understanding the genetic
basis of MDS and AML, cure rates have not substantially
improved in the last 40 years (45). To our knowledge, this is
one of the first studies to link changes in an environmental
selection pressure with a fitness advantage for HSCs bearing
a specific mutation. Targeting the mechanisms that allow
DNMT3A-mutant HSCs to gain clonal dominance may high-
light interventions that can selectively inhibit their growth
and diminish future risk of malignant transformation.

METHODS

Mice and Transplantation

The Institutional Animal Care and Use Committee at Washington
University School of Medicine approved all animal procedures. Mice
were housed in specific pathogen-free conditions at Washington Uni-
versity School of Medicine on a 12:12-hour light:dark cycle in tem-
perature- and humidity-controlled rooms. Donor mice were typically
12 weeks old for experimentation. Both male and female mice were
used. All mice were from C57Bl/6 background. Dnmt3a/%, Dnimt3a%/ 878,
and Ter2"" mice were crossed to Var-Cre strain. Recipient mice
(CS7Bl/6 CDA45.1, The Jackson Laboratory strain #002014) mice were
approximately 8 weeks old and transplanted by retro-orbital injection
after a split dose (4 hours apart) of 10.5 Gy irradiation (Cesium-137).
For general HSC-competitive transplants, 200 phenotypically defined
HSCs (donors, CD45.2) were transplanted along with 2.5 X 10° whole
BM (WBM) cells from wild-type (CD45.1) mice. For the competi-
tive transplants challenged with stressors, 5 x 10° WBM donor
cells (CD45.2) were cotransplanted with 5 X 10° WBM competi-
tors (CD45.1). Recipients were randomized 4 weeks posttransplant
and treated with PBS (control) or two consecutive doses of 10ug
recombinant mouse IFNy (mIFNy; retro-orbital injection). Recipients
were sacrificed 18-weeks posttransplant for HSC analysis. For CH
competition model, 1.2 X 10° WBM (CD45.1) from Rosa26M2TA;
IFNgr1¥© ( = TetON; control) or tetO_IFNg; Rosa26""M2; [FNgr1*©
(=TetON-IFNg) were cotransplanted with 1.5 x 10° WBM cells from
CD45.2 (donors) and 1.5 x 10° CD45.1/2 Ubc-GFP cells (competi-
tors) into CD45.1 recipients. This models human CH with a 10% VAF
of the test genotype. Recipients were fed 1,250 ppm doxycycline chow
(TestDiet #1818439-203) on alternate weeks during S to 20 weeks
posttransplant. This level of doxycycline chow was titrated to induce
a physiologically relevant serum IFNylevel (~200 pg/mL). HSC quan-
tification was performed 24 weeks posttransplant, and 7 x 10° c-Kit-
enriched chimeric BM was transplanted into secondary recipients via
retro-orbital injection. HSC quantification of secondary transplants
was analyzed 18 weeks posttransplant. For all mouse transplants,
experiments were repeated across at least two independent cohorts.
Final graphs represent compiled data across multiple cohorts to
control for experimental variability. The following mouse strains
were used - Vav-Cre (46), Dnmt3a™% (47), Dnmt3afl/R878 (24), Tet2"/1
(48), pS37~ (49), Ubc-GFP (The Jackson Laboratory strain #004353),
tetO_IFNg (The Jackson Laboratory strain #009344), Rosa26"TA™M?2
(The Jackson Laboratory strain #006965); IFNgr1™”/~( = IFNgr1¥°; The
Jackson Laboratory strain #003288), IFNg/~( = IFNgX®; The Jackson
Laboratory strain # 002287), and Col1a1%0-H28-G*P (= H2B-GFP; The
Jackson Laboratory strain #016836). For studies requiring single

HSC division assays, H2B-GFP labeling of HSCs was induced with a
3-week course of 10,000 ppm doxycycline chow, followed by a 1-week
chase period prior to isolation of HSCs. The purpose of H2B-GFP in
this experiment was simply a label to more easily visualize HSCs dur-
ing microscopic evaluation.

Human Cord Blood Transplantation

Deidentified cord blood specimens were obtained from the
St. Louis Cord Blood Bank. Because samples were anonymized, no
member of the study team had access to information that allowed
the specimens to be linked to identifiable individuals, and the
provider of the specimens was not involved in the design or con-
duct of the research, these experiments were deemed “nonhuman
studies” by the Washington University Human Research Protection
Office (HRPO). Mononuclear cells were isolated by Ficoll gradient
according to standard procedures. CD34* cells were isolated using
magnetic enrichment (Miltenyi Biotec #130-100-453) and cultured
overnight in SFEMII media (StemCell Technologies #09605) sup-
plemented with 50 U/mL penicillin-streptomycin (Fisher Scientific
#MT30002CI), 50 ng/mL human stem cell factor (SCF; Miltenyi
Biotec #130-096-695), 50 ng/mL human thrombopoietin (TPO;
Miltenyi Biotec #130-094-013), and 50 ng/mL human FLT3 L
(Miltenyi Biotec #130-096-479). Enrichment efficiency was con-
firmed by flow cytometry.

For each sublethally irradiated (200 rads) NSG (The Jackson Labo-
ratory strain #005557) recipient, 7 X 10* live cells were transplanted
via intratibial injection. Engraftment was determined 4 weeks post-
transplantation, and recipients were randomized for IFNy treatment.
Two consecutive doses (24 hours apart) of recombinant human
IFNy (hIFNy, 2 ug) were retro-orbitally injected per week during two
treatment blocks (week 5-8 and week 13-16). Volume-equivalent
PBS was injected as a control. Recipients were sacrificed 18 weeks
posttransplant for HSC analysis. Approximately 3 x 10* hCD45* cells
were sorted from each recipient’s BM to quantify posttransplant VAF.
For secondary transplantation, hCD34" cells were enriched using
anti-human CD34 antibody from pooled samples per group. 1 X 10°
hCD34* cells were transplanted into secondary recipients via intrati-
bial injection. Recipients were sacrificed 18 weeks posttransplanta-
tion for HSC analysis and VAF quantification.

CRISPR and VAF Determination

Single guide RNAs (gRNA) targeting DNMT3A (exon 12 and
exon 14) or AAVSI were designed using the UCSC Genome Brower
(https://genome.ucsc.edu) with the following sequences - AAVSI:
GGGGCCACTAGGGACAGGAT; DNMT3A exon 12 (1012): TCCC
CAGCATCGGACCCCAC; DNMT3A exon 14 (1014): CAGGCGTGG
TAGCCACAGTG. Gene-knockout was performed with the CRISPR-
RNP system (IDT) via nucleoporation using Neon Transfection
Kit following the manufacturer’s instructions. Briefly, 1.5 ug of
CRISPR-Cas9 (NLS, 2, IDT) and 1 upg of gRNA were nucleo-
fected into 2 x 10° CD34* cells. Cells were incubated at 37°C
with 5% CO, overnight postnucleofection and recovered for an
additional 24 hours in fresh media. 5 x 10* edited cells were col-
lected to determine CRISPR/Cas9 targeting efficiency using PCR
amplicon-based deep sequencing. CRISPresso 2.0 was used to
identify mutations and quantify VAF. The following primers were
used to generate amplicons from genomic DNA for VAF quanti-
fication - AAVSI-forward: CACTCTTTCCCTACACGACGCTCTTC
CGATCTACAGGAGGTGGGGGTTAGAC with AAVSI-reverse: GTGA
CTGGAGTTCAGACGTGTGCTCTTCCGATCTCCCCTATGTC
CACTTCAGGA; DNMT3A-1012-forward: CACTCTTTCCCTACACG
ACGCTCTTCCGATCTCACCTCGTACTCTGGCTCGT with DNMT3A-
1012-reverse: GTGACTGGAGTTCAGACGTGTGCTCTTCCGATC
TCAGGAATGAATGCTGTGGAA; and DNMT3A-1014-forward:
CACTCTTTCCCTACACGACGCTCTTCCGATCTCACCTCG
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TACTCTGGCTCGT with DNMT3A-1014-reverse: GTGACTG
GAGTTCAGACGTGTGCTCTTCCGATCTCAGGAATGAATGCT
GTGGAA.

Cell Purification and Flow Cytometry

BM cells were isolated from iliac crests, femurs, and tibias of
mice. Cells were stained in Hanks Balanced Salt Solution (HBSS,
Corning #21021CV) containing 100 Units/mL penicillin/streptomy-
cin (Fisher Scientific #MT30002CI), 10 pmol/L HEPES (Life Tech-
nologies #15630080) and 2% Serum Plus II (Sigma #14009C) at a
density of 1.0 X 10%/mL. Staining was performed for >20 minutes
at 4°C with desired antibodies. For cell sorting, BM was enriched
with anti-mouse CD117-conjugated microbeads (Miltenyi Biotec,
#130-0910224) using AutoMacs Pro Separator (Miltenyi Biotec),
then stained with appropriate antibody cocktails. For typical mouse
HSC sorting and analysis, staining panel included: CD45.1-FITC
(clone A20; BioLegend #110706), CD45.2-BV421 (clone 104; BioLeg-
end #109831), B220-APCcy7 (clone RA3-6B2; BioLegend #103224),
Gr-1-APCcy7 (clone RB6-8CS5; BioLegend #108424), Mac-1-APCcy7
(clone M1/70; BioLegend #101226), CD3e-APCcy7 (clone 145-2C11;
BioLegend #100330), Ter119-APCcy7 (clone TER-119; BioLegend
#116223), CD48-PECy7 (clone HM48-1; BioLegend #103424),
CD150-PE (clone TC15-12F12.2; BioLegend #115904), c-Kit-BV605
(clone 2B8; BioLegend #105847), EPCR-APC (clone RCR-16; BioLeg-
end #141506). For BrdU analysis, mice were injected intraperitoneally
with a single dose of 3.33 mg BrdU (Sigma #B5002) in 500 uL PBS,
then supplemented with 0.8 mg/mL BrdU in drinking water over
a 72-hour timecourse. At 24 and 48 hours, mice were given either
PBS (control) or 10 pg recombinant mouse IFNy (rmIFNg) by retro-
orbital injection. At 72 hours, mice were sacrificed for BrdU analysis.
BM from each mouse was enriched with anti-CD117 microbeads as
above, then stained with the following antibodies: B220-APCCy7
(clone RA3-6B2; BioLegend #103224), Gr-1-APCcy7 (clone RB6-
8CS; BioLegend #108424), Mac-1-APCcy7 (clone M1/70; BioLegend
#101226), CD3e-APCcy7 (clone 145-2C11; BioLegend #100330),
Ter119-APCcy7 (clone TER-119; BioLegend #116223), CD48-PECy7
(clone HM48-1; BioLegend #103424), CD150-BV421 (clone TC15-
12F12.2; BioLegend #115925), c-Kit-FITC (clone 2B8; BD #561680),
EPCR-PE (clone 1560; BD #566337). After antibody staining, samples
were processed with the BrdU-APC flow kit (BD #552598) as per
manufacturer instructions. For measurement of ROS levels in HSCs,
10 million BM cells or 500 cultured HSCs stained with a HSC flow
panel were incubated with 5 umol/L CM-H2DCFDA (Thermo Fisher)
at 37°C for 30 minutes, and mean fluorescence intensity (MFI) was
quantified. For determination of cell-cycle stages in HSCs, 10 million
BM cells or 500 cultured HSCs stained with a HSC flow panel were
fixed, permeabilized, and stained with anti-Ki67-BV605 (clone 16A8;
BioLegend #652413; 1:50 dilution) at 4°C for 1 hour. DNA content
was determined by 7AAD (BioLegend #420404, at 1:10 dilution).

For mouse peripheral blood analysis, red blood cells were lysed
then samples were stained with the following antibodies: CD45.1-FITC
(clone A20; BioLegend #110706), CD45.2-BV421 (clone 104; BioLegend
#109831), B220-PECy7 (clone RA3-6B2; BioLegend #103222), B220-
APC (clone RA3-6B2; BioLegend #103212), Gr-1-PECy7 (clone RB6-
8C5; BioLegend #108416), Mac-1-PECy7 (clone M1/70; BioLegend
#101216), CD3e-APC (clone 145-2C11; BioLegend #100312).

For peripheral blood analysis from NSG transplants, blood was
collected as above then samples were stained with the following
antibodies: anti-mouse CD45-BV605 (clone 30-F11; BioLegend
#103139), anti-human CD45-APC (clone 2D1; BioLegend #368512),
anti-human CD3-FITC (clone OKT3; BioLegend #317306), anti-
human CD19-PECy7 (clone HIB19; BioLegend #302215), anti-
human CD33-BV421 (clone WMS53; BD #565949). For BM analysis
of cord blood-transplanted NSG mice, BM was collected as above
then samples were stained with the following antibodies - anti-mouse

CD45-BV605 (clone 30-F11; BioLegend #103139), anti-human
CD45-APC (clone 2D1; BioLegend #368512), anti-human CD34-PE
(clone 561; BioLegend #343606), anti-human CD90-PECy7 (clone
SE10; BioLegend #328124), anti-human CD45RA-BV421 (clone
HI100; BioLegend #304130), anti-human CD38-FITC (clone HB7;
Invitrogen #11-0388-42), anti-human CD49f-APCcy7 (clone GoH3;
BioLegend #313628), and anti-human Lineage cocktail-BV510 (Bio-
Legend #348807).

All antibodies were used at 1:100 dilution unless stated otherwise.
Dead cells were excluded with 7AAD (BioLegend #420404, used at
1:100 dilution). Cell sorting was performed using MoFlo (Beckman
Coulter) and FACS Aria IT (BD) flow cytometers. Flow cytometric cell
analysis was performed using Attune NxT (Thermo Fisher Scientific)
and FACS Aria II (BD) flow cytometers. Acquired flow cytometry data
were analyzed with FlowJo software (Tree Star).

Lentiviral Production and Transduction

293T cells were cotransfected with the packaging plasmids
PMD.G, psPAX2 and with an shRNA-containing plasmid (BFP-(miR-E)-
PGK-Puro) using PEI-based transfection protocol (Polysciences
#23966-1). shRNAs were designed according to published protocols
and the following 22-mer target sequences were used for final experi-
mentation - p21 shRNA#1: TTTAAATAACTTTAAGTTTGGA; p21
shRNA#2: TTAAATAACTTTAAGTTTGGAG; p53 shRNA#1: TTACA
CATGTACTTGTAGTGGA; p53 shRNA#2: TAAAATAGGAAATTGA
TATATA; Txnip shRNA#1: TAATCATACAAAAAGATACACA; Txnip
shRNA#2: TTAATCATACAAAAAGATACAC. The negative control
shRNA targeting Renilla luciferase was subcloned from Addgene
plasmid #111170. Transfections for lentiviral production were per-
formed in 150 X 25 mm tissue culture dishes (Falcon #353025) when
293T cells reached >85% confluency. Forty-eight hours posttrans-
fection, 293T cell supernatants were collected and concentrated by
centrifugation at 76,000 x g for 1.5 hours at 4°C. For lentiviral trans-
duction, c-Kit" BM cells were purified using magnetic enrichment
and adjusted to S % 10° cells/100 mL in Stempro-34 medium (Gibco
#10639011) supplemented with 100 Units/mL penicillin/streptomy-
cin (Fisher Scientific #MT30002CI), 2 mmol/L L-glutamine (Gibco
#25030-081), 100 ng/mL murine stem cell factor (SCF; BioLegend
#579704), 100 ng/mL murine thrombopoietin (TPO; PeproTech,
#315-14), 50 ng/mL murine Flt3 L (PeproTech, #250-31L), 5 ng/mL
murine IL3 (Miltenyi Biotec #130-099-510), 4 ug/mL polybrene
(Sigma; #TR-1003-G), and spin-infected with lentivirus preparations
at 250 x g for 2 hours in a 96-well plate. Twenty-four hours posttrans-
duction, 1.6 x 10° transduced cells were transplanted into lethally
irradiated mice (following a split dose of 10.5 Gy of irradiation) by
retro-orbital injection.

Single-Cell Division Assay

Control-H2B-GFP (Vav-Cre; Dnmt3a**; Rosa26M*<TA; Col1atetO-H2B-GIPy
and  Dnmt3aXC-H2B-GFP  (Vav-Cre; Dnmt3a"%;  Rosa26M?"TA;
Col1a1O-H2B-GFP) "mice were fed 10,000 ppm doxycycline chow
(TestDiet #1815461-203) for 21-days. A 7-day recovery period was
given prior to two-consecutive doses of rmIFNy (10 pg) or PBS (24
hours apart). Mice were sacrificed 2 hours post second dose. Single
immunophenotypically-defined HSC (Lineage™ c-Kit" EPCR* CD150*
CD48 GFPY) were sorted into individual wells of 96-well plates con-
taining complete Stempro-34 media described above. For single-cell
division assay post-shRNA transductions, c-Kit* cells were enriched
with AutoMacs Pro Separator from three Control-H2B-GFP and
three Dnmt34X°-H2B-GFP mice and transduced with shRNA-con-
taining viral particles. Twenty-four hours posttransduction, 1.6 X 10°
transduced cells (pooled by genotype) were transplanted into recipi-
ents. When stable engraftment was achieved at 8 weeks posttrans-
plant, recipients were fed 10,000 ppm doxycycline chow to label HSCs
with GFP. After a 7-day recovery period, two doses of rmIFNy (10 vg)
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or PBS were injected into recipients and 2 hours posttreatment,
single immunophenotypically defined HSCs were sorted into 96-well
plates. Single HSCs were cultured in Stempro-34 medium and cell
division behaviors were monitored. H2B-GFP allowed accurate iden-
tification of HSCs under a fluorescent microscope. Cell division was
monitored at 12-hour intervals (60 hours postsorting was not evalu-
ated). The latency to first division was determined as the time when
50% of trackable cells achieved their first division. Trackable cells
were defined as cells that died postdivision and cells that survived
throughout the 72-hour period.

CaspaseGlo Assay

Five-hundred HSCs were purified from mice treated with two con-
secutive doses of PBS or rmIFNy (10 ug) and sorted into white-walled
96-well plates (Corning #3610) containing complete Stempro-34
media. For measuring apoptosis in freshly purified HSCs, cleaved cas-
pase 3/7 activity (CaspaseGlo 3/7 assay; Promega # G8090) was meas-
ured immediately postsorting. For measuring apoptosis in stressed
HSCs, the CaspaseGlo assay was employed after a 16-hour culture
period. CaspaseGlo assay was carried out according to manufacturer
instructions. Cleaved caspases 3/7 activity was measured by lumines-
cence intensity using BioTek Synergy H1 Hybrid Plate Reader.

Serum IFNyDetermination

Sera were isolated from peripheral blood using microtainer tubes
with serum separator additive (BD #365967). Serum IFNy levels were
quantified using the Mouse IFNg ELISA Kit II (BD #558258).

Quantitative Real-time PCR

Total RNA was extracted using the Nucleospin RNA XS kit
(Macherey-Nagel #740902-250) and reverse-transcribed with the
SuperScript VILO kit (Invitrogen #11754-050). Quantification was
performed with TagMan Master Mix (Applied Biosystems #4304437),
the desired gene-specific probe (FAM-MGB; Applied Biosystems) and
an 18S probe (VIC-MGB; Applied Biosystems). Transcript expression
levels were normalized to endogenous 18S, and fold-changes were
determined using the AAC, method.

RNA Sequencing

HSCs were purified from biological replicates of mice (pooled
WBM from two male and two female 12-week-old mice) treated
twice with either PBS or recombinant mouse IFNy (rmIFNy) 24
hours apart. HSCs were purified 2-hours after the second dose. A
NucleoSpin RNA XS kit (Macherey-Nagel #740902.250) was used to
isolate RNA. Library preparation, sequencing, and alignment were
performed by the Genome Technology Access Center (Washington
University). The SMARTer Ultra Low RNA kit (ClonTech) was used
to prepare the libraries from 3 to 5 ng of total RNA. Sequencing
was performed with an Illumina NextSeq 3000. Reads were aligned
with STAR version 2.5.4b with Gencode release M20 (GRCm38.p6)
genome assembly. Unambiguous read counts were calculated by
HTSEQ-count version 0.6.0 with mode “intersection-strict.” Expres-
sion data were imported into Noiseq v2.28.0 for differential gene
expression analysis with TMM normalization and batch correction.
Generalized linear models were then created to test for gene/tran-
script level differential expression. Differentially expressed genes
(DEG) were then filtered for unadjusted P values <0.05. Gene-set
enrichment analysis (GSEA) was performed with f{GSEA v1.10.0.

Single-Cell RNA Sequencing

Two male and two female mice per genotype (control, Dnmt3aX®)
were treated with two doses of PBS (control) or rmIFNy (10 ug)
24 hours apart, then sacrificed 2 hours after the second injection.
BM was isolated from individual mice and 17,000 Lineage™ c-Kit"

EPCR* BM cells per mouse were purified by flow cytometry. Cells
were resuspended at 1,200 cells per pL in PBS + 0.04% BSA, with
cell concentration verified by flow cytometric counting. cDNA was
prepared after the GEM generation and barcoding, followed by the
GEM-RT reaction and bead cleanup steps. Purified cDNA was ampli-
fied for 11 to 13 cycles before being cleaned up using SPRIselect
beads. Samples were then run on a Bioanalyzer to determine the
cDNA concentration. GEX libraries were prepared as recommended
by the 10x Genomics Chromium Single Cell 3" Reagent Kits v3 user
guide with appropriate modifications to the PCR cycles based on the
calculated cDNA concentration. For sample preparation on the 10x
Genomics platform, the Chromium Single Cell 3" GEM, Library and
Gel Bead Kit v3 (PN-1000075), Chromium Chip B Single Cell Kit,
48 rxns (10x Genomics PN-10000153), and Chromium Dual Index
Kit TT Set A (PN-1000215) were used. The concentration of each
library was accurately determined through qPCR utilizing the KAPA
library Quantification Kit according to the manufacturer’s protocol
(KAPA Biosystems/Roche) to produce cluster counts appropriate for
the Illumina NovaSeq6000 instrument. Normalized libraries were
sequenced on a NovaSeq6000 S4 Flow Cell using the XP workflow
and a 28 x 10 x 10 x 150 sequencing recipe according to manufac-
turer protocol. A median sequencing depth of 50,000 reads per cell
was targeted for each library. Single-cell RNA-seq data were demul-
tiplexed and aligned to the Genome Reference Consortium mouse
genome (mm10). The aligned data were then annotated and UMI-
collapsed using Cellranger (v3.1.0, 10x Genomics). Cells with more
than 10% mitochondrial gene expression and with top 5% unique
feature counts were excluded. This resulted in the following number
of unique cells that passed quality control and were examined in
downstream analysis: Control-PBS: 26,199; Control-IFNy: 19,829;
Dnmt3a*°-PBS: 11,804; Dnmt3a*°-IFNy. 20,396. Principal component
analysis was performed to reduce data using Seurat 3.0. Clusters were
identified applying the dimensional reduction techniques (tSNE and
UMAP) using the same package. Expression levels of conventional
cell surface markers were examined to annotate clusters. Differen-
tially expressed genes were identified within the cluster of interest.

Whole Genome-Wide Bisulfite Sequencing

At the conclusion of the CH competition model transplant with
chronic IFNy (primary transplant), 3 x 10° donor-derived (CD45.2")
BM cells per genotype per treatment were sorted from pooled recipi-
ent BM cells. Genomic DNA (gDNA) was extracted using PureLink
Genomic DNA Mini Kit (Invitrogen). 250 ng of gDNA for each sam-
ple, spiked in with lambda control, was fragmented using Covaris.
The fragmented DNA was then subjected to an overnight cytosine-
to-thymine conversion using EZ DNA Methylation-Gold Kit (Zymo
Research). The CT converted samples were used for library construc-
tion with Accel-NGS Methyl-Seq DNA Library Prep Kit, indexed
with Methyl-Seq Dual Indexing kit. The sequencing was performed
on NovaSeqS4 300XP. Raw reads were quality and adapter trimmed
using cutadapt (v2.4) with paramteters -q 15,10 -minimum-length
36. Trimmed reads were aligned using bismark (v0.19.0) with bowtie2
and options -X 1000 -score_min L,0,-0.6, -N 0. After removal of PCR
duplicates from aligned reads, methylation levels were calculated
using bismark_methylation_extractor. CpG methylation files were
loaded in R (v 3.6.3) and transformed into a BS object using bsseq.
Differentially methylated loci (DML) were determined using the
DMLtest function of DSS after with option smoothing = TRUE.
Differentially methylated regions (DMR) were calculated from the
result of DMLtest using the callDMR function of DSS with option
p.threshold = 1e-5. Resultant DMRs were further filtered to remove
any DMRs with fewer than 4 CGs or a methylation difference
between conditions of less than 20%. Bed formatted coordinates of
DMRs were extracted from filtered lists of DMRs. Methylation levels
were transformed into bigwig format and plotted at DMRs using
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deeptools. Average methylation levels in all DMR comparisons were
determined using the bedtools map function with options -o mean
and compiled into a table. The table was plotted as a heatmap using
the pheatmap package (v1.0.12) in R with clustering across the DMRs
using the default for the hclust function.

In Vitro Methylation-Sensitive Reporter Assay

The hypomethylated DMR upstream region of Txnip (-3283 to
-1793bp) was amplified from wild-type mouse gDNA using prim-
ers Upstream_Txnip_F (AAATTTAAAAGGTACCGGGTAGTCTC
AAATCCCACAGACTCA) and Upstream_Txnip_R (TTTAAATTTT
GAGCTCCCAGAAAGTTAACTAACTAGGCGTCA) and ligated to
the pGL4.23 [luc2] vector (Promega) using Kpnl and Sacl restric-
tion enzyme sites. The bacterial CpG methyltransferase M.SssI (New
England Biolabs) was used to methylate the element-containing
construct and vector only according to manufacturer’s instruction.
In vitro methylation efficiency was determined by restriction enzyme
digestion using BstUI that only recognize unmethylated CpG but
is not able to cut methylated CpG sites. pGL4.23-based plasmids
and pGL4.75 [hRluc] (Promega) (9:1) were transiently transfected
into 3T3 cells using PEI-based transfection protocol (Polysciences
#23966-1). pGL4.74 (hRluc/TK) contains Renilla luciferase and was
used to control for transfection efficiency. Transfections were per-
formed in triplicates. Luciferase assays were carried out 48 hours
posttransfection using the Dual-Glo luciferase assay system (Pro-
mega) according to manufacturer’s instructions.

In Vitro IFNyExposure

32D cells were cultured in RPMI1640 medium supplemented with
2 mmol/L L-glutamine, 10 mmol/L HEPES and 100 U/mL Penicillin-
streptomycin and incubated at 37°C with 5% CO, until reaching 100%
confluency. Thirty-six hours postconfluency, 2.6 x 10° cells were seeded
into a new flask at the density of 2.6 x 10° cells/mL with 10 ng/mL
recombinant mouse IFNy or volume-equivalent PBS. Cells were col-
lected 24 hours postexposure for protein or chromatin harvest.

Chromatin Immunoprecipitation and Real-time PCR

Chromatin was extracted, sheared and isolated from S x 10° 32D
cells using SimpleChIP Enzymatic Chromatin IP Kit (Cell Signaling
Technology) following manufacturer instruction. Chromatin shear-
ing efficiency was examined by agarose gel electrophoresis. Ten micro-
grams of prepared chromatin was used to precipitate p53-bound
gDNA using p53 antibody (Cell Signaling Technology #32532). An
IgG control antibody was also applied to each sample as isotype con-
trol. The precipitated gDNA was then eluted and subjected to qPCR
using gene-specific primers for p21 promoter (forward: CTTTCT
GGCCTTCAGGAACA,; reverse: GCTGGTAGTTGGGTATCATCAG).
For positive controls, all samples were immunoprecipitated with
H3 antibody (Cell Signaling Technology #4620) and amplified with
Mouse RPL30 Intron 2 Primers (Cell Signaling Technology #7015) to
ensure the quality of chromatin was comparable. The enrichment of
pS3 was determined as 2(Ct-inpuc - Csample)

Immunoprecipitation and Western Blotting

Thirty to 50 pg of protein samples were separated in precasted
4%-15% gradient SDS gels (Bio-Rad, #456-1084) and transferred
to polyvinylidene difluoride membranes (Millipore #IPVH00010).
Membranes were subsequently probed with antibodies to detect p21
(Santa Cruz Biotechnology, # sc-6264), p53 (Cell Signaling Technol-
ogy #32532), Txnip (Cell Signaling Technology #32532), B-Actin
(Santa Cruz Biotechnology, #SC-47778) and Vinculin (Santa Cruz
Biotechnology #sc-73614). Detection was performed using horserad-
ish peroxidase-conjugated secondary mouse or rabbit antibody and
chemiluminescence HRP substrate (Millipore #WBKLS0100). For

protein coimmunoprecipitation, total protein was extracted from
10 x 106 32D cells using Cell Lysis Buffer (Cell Signaling Technology
#9803) following manufacturer’s instructions. Four-hundred micro-
grams of freshly prepared total protein was then incubated with p53
antibody (1:50 dilution; Cell Signaling Technology #32532) at 4°C
overnight. Antibody-bound lysates were captured by protein G beads.
The lysates were then eluted and prepared for Western blot analysis.
Forty micrograms of pooled total protein was also loaded on Western
blot as 10% input control. pS3-bound proteins were examined to
detect p53 and Txnip.

Statistical Analysis

Student ¢ test and one-way ANOVA were used for statistical compar-
ison where appropriate. Significance is indicated using the following
convention: *, P < 0.05; ** P < 0.01; *** P <0.001; **** P < 0.0001.
All graphs represent mean + SEM. unless otherwise indicated.

Data Reporting

No statistical methods were used to predetermine sample size.
Group sizes were based on historical data outcomes from our labora-
tories. The experiments were randomized where stated. Investigators
were not blinded to allocation during experiments and outcome
assessment.

Data Availability

Raw data of bulk RNA-seq, single-cell RNA-seq and whole-genome
bisulfite-sequencing are available in the Gene Expression Omnibus
(GEO) repository under accession number GSE168807 (http://www.
ncbi.nlm.nih.gov/geo/). Previously generated WGBS data (19) used
to generate Fig. SF are available under accession number GSE98191.
There are no restrictions on data availability.
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