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ABSTRACT

The ten-eleven translocation family of enzymes (TET1/2/3) promotes DNA demethylation and is essential for hemato-
poiesis. While the roles of TET1 and TET2 are well-studied in hematopoiesis, the requirement of TET3 in embryonic and
adult hematopoiesis is less investigated. In this study, by characterizing embryonic and adult hematopoiesis in Tie2*/"¢;
Tet3"f mice, we have established a requirement for TET3 in regulating hematopoietic stem cells (HSCs; CD1507CD487).
We found that loss of TET3 in the fetal liver and adult bone marrow causes a reduction in the percent of long-term HSCs
(LT-HSCs; CD1507CD48°CD34"). This was accompanied by reduced colony forming capacity of TET3-deficient HSCs in
vitro and reduced contribution of HSCs after a competitive bone marrow transplantation in vivo. TET3 deficiency increased
DNA methylation at several cell cycle regulator genes leading to their down regulation. This is consistent with, and likely

underpins, the reduced number of quiescent HSCs in TET3-deficient bone marrow. These findings uncover a new role for

TET3 in HSC homeostasis during embryonic and adult hematopoiesis.

INTRODUCTION

The ten-eleven translocation family of proteins (TET1/2/3) is
composed of DNA dioxygenases that are essential for embryonic
development and hematopoiesis.'?> They regulate gene exp-
ression by promoting DNA demethylation through oxidation of
5-methylcytosine to 5-hydroxymethylcytosine (5hmC) and other
oxidized derivatives.®>"> These bases are excised by thymine DNA
glycosylase (TDG) and replaced by unmodified cytosines completing
active DNA demethylation.>~” 5hmC also inhibits recruitment of the
maintenance DNA methyltransferase DNMT1 during replication and
thereby promotes passive DNA demethylation.2? TET enzymes can
also regulate gene expression independent of their enzymatic func-
tions'®"*> by partnering with chromatin activating and repressive
complexes. 1141417 TET enzymes are dynamically expressed during
development and are essential for regulating various developmental
programs.>*® Combined deletion of all three TET enzymes arrests
gastrulation resulting in early embryonic lethality.'? Tet3 is uniquely
expressed in the oocyte and is required for demethylation of the
paternal genome upon fertilization.?°=2* Oocyte specific deletion of

TET3 results in mid-gestational lethality.?° Tet3 is not expressed in
the blastocyst, but its levels increase during post-implantation
development. Global loss of TET3 leads to perinatal lethality with
no known cause of death?® and the requirement of TET3 in lineage
specification is less investigated.

TET enzymes play critical roles in regulating embryonic and
adult hematopoiesis. They are required for specification of hema-
topoietic stem cells (HSCs) from endothelial cells during embryonic
hematopoiesis. Global inducible deletion of Tet1, Tet2, and Tet3 at
E7.5 using Rosa26-CreER or endothelial specific deletion of all three
Tet genes using Tie2-cre leads to embryonic lethality by E12.5 with
severe impairment of embryonic hematopoiesis.? In adult mice, loss
of TET enzymes leads to severe bone marrow failure and onset of
leukemogenesis.?> While all three TET enzymes are deregulated in
hematologic disorders and cancers,?® TET2 is the most frequently
mutated TET gene in clonal hematopoiesis (CH), myelodysplastic
syndrome (MDS) and various forms of leukemias.?’~2? Therefore,
TET2 has been extensively studied in hematopoiesis.t>30-32
TET2 loss in mice causes aberrant differentiation of HSCs and
leads to myeloid and lymphoid malignancies by 1 year of age and
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TET3 in hematopoiesis

recapitulates onset of CMML in patients.*>33%% TET1 has a less
severe impact on mouse bone marrow than TET2 but its loss leads to
onset of B cell malignancies later in life.3>3¢ Tet3 is expressed in
hematopoietic cells during development and in adults;>” however,
there are limited studies investigating the role of TET3 in hemato-
poiesis. Most studies investigating the role of TET3 were conducted
in mature blood cells and often in conjunction with TET2.3874* TET2
and TET3 are the critical DNA demethylases in B cells where their
deletion results in hypermethylation of essential enhancer regions
and impaired B cell formation.®? In mouse regulatory T cells, deletion
of TET2 and TET3 causes inflammatory disease and aberrant ex-
pression of cell cycle genes.*® Additionally, Tet3 was shown to be
upregulated in patients with acute myeloid leukemia (AML), and
Tet3 overexpression promoted the growth of AML cell lines and
perturbed myeloid differentiation.>® These studies support a role for
TET3 in regulating hematopoiesis that warrants further investiga-
tion. In this study, we have characterized embryonic and adult he-
matopoiesis in Tie2*/°"®; Tet3"/F mice. We have found a requirement
for TET3 in regulating HSCs (CD150" CD48~ CD135" Lin~ Scal*
cKit" hereafter referred to as CD150"CD48"), especially long-term
HSCs (LT-HSC; CD150"CD48°CD347). We also found that
TET3-mediated DNA demethylation drives proper expression of
hematopoietic transcription factors and cell cycle regulators in he-
matopoietic cells. These findings uncover a new role for TET3 in
HSC homeostasis during embryonic and adult development.

MATERIALS AND METHODS
Generation of Tie2"/¢"®; Tet3" mice and Tet3”~ embryos

Male Tie2*/°"® mouse (Jax lab, stock no. 004128) were bred to our
previously published Tet3”f female mice? to generate Tie2*/¢';
Tet3"/f male mice, which were then bred to female Tet3"f mice to
obtain Tie2*/¢"; Tet3"f mice. Genotype of mice and excision of
floxed exon 4 of Tet3 in BM-MNC were confirmed by PCR using our
previously published primers and protocols.? To generate Tet3™/~
embryos, our previously published Tet3*/~ mice® were time-mated,
and embryos were harvested at embryonic (E) day 9.5, E13.5, and
E18.5. All embryonic hematopoietic analyses were performed using
E13.5 fetal liver.

Flow cytometry and cell sorting

BM-MNCs were isolated from femurs and tibias of mice using the
flushing technique as described previously.*? For quantification of
HSCs (CD150" CD487), after isolation, BM-MNCs were incubated
with the following mix of monoclonal antibodies against lineage com-
mitted cells: Ly6G/Ly6C (Gr-1)-biotin from Biolegend; CD11b-biotin,
CD19-biotin, CD45R/B220-biotin, CD4-biotin, NK-1.1-biotin, and
TER-119-biotin from BD Bioscience; CD135 (FIt3)-biotin, CD127-
biotin, CD3e-biotin, CD8a-biotin, Mouse IgM-biotin from Life Tech-
nologies, and then resuspended in 2% FBS-PBS and incubated for
30 min on ice. Lineage antibody staining was followed by incubation
with an antibody mix for the following markers: CD117 (c-kit)-APC/
CY7,CD150 (SLAM)-PerCp/Cy5.5 from Biolegend; CD34-FITC, CD48-
APC or CD48-biotin, Ly-6A/E (Sca-1)-PE/Cy7 or Ly-6A/E (Sca-1)-FITC,
Streptavidin-Pacific Blue or Streptavidin-PE from Life Technologies;
resuspended in 2% FBS-PBS and incubated for 30 min on ice. For
multipotent progenitor cells, lineage antibody staining was followed by
incubation with an antibody mix of the following markers: CD117
(c-kit)-APC/CY7, Ly-6A/E (Sca-1)-FITC, CD16/32-PE from Biolegend;

CD34-APC, Streptavidin-Pacific Blue from Life Technologies; re-
suspended in 2% FBS-PBS for 30 min in ice. Myeloid and lymphoid
cells were stained with antibodies against CD3e-APC (for T cell, Life
Technologies), B220-PacificBlue (BD Bioscience), CD11b-FITC, and Gr-
1-PE (for myeloid cells, Life Technologies and Biolegend, respectively).
All antibodies were used at a 1:100 dilution. Samples were acquired
on an LSR Il flow cytometer (Becton Dickinson), and the data were
analyzed using FlowJo 10 (Becton Dickinson). For cell sorting, the BM-
MNCs were prepared as mentioned previously. In addition, cells were
incubated with Anti-Biotin MicroBeads (Mylteni Biotech) for 10 min at
room temperature and then subjected to an MACS LS column (Mylteni
Biotech), and the flow threw was collected for lineage depletion. Cells
were sorted directly into StemSPAN SFEM (STEMCELL Technologies)
through a BD FACS ARIA Il (Becton Dickinson). For quantification of
quiescent and active HSCs (CD150* CD487), BM-MNCs were prepared
as mentioned previously. In addition, after the antibody staining, cells
were fixed by Cyto-Fast™ Fix/Perm Buffer Set (Biolegend) according to
manufacturer's instructions. Then, cells were incubated with ki67-
Alexa660 Ab (Invitrogen, eBioscience) at a 1:50 dilution over night at
4°C. After washing, Hoechst 33342 (Invitrogen) was added at a con-
centration of 2 pug/mL, incubated for 15 min, and then analyzed by flow
cytometry.

In vitro colony formation and in vitro limiting dilution
assays

Colony formation assays were performed using MethoCult (Stem Cell
Technologies, Vancouver, BC, Canada) according to manufacturer's
instructions. Briefly, 1500 LSKs were plated per well. After 7 days, the
number of erythroid (E), macrophage (M), granulocyte macrophage
(GM), and granulocyte, erythrocyte, macrophage, megakaryocyte
(GEMM) colonies were quantified. In vitro limiting dilution assay was
performed by sorting 8, 4, 2, and 1 HSC (LSK CD150"CD48") into
single wells of 96 well plates and cultured in StemSPAN SFEM
(StemCell Technologies) supplemented with 50 ng/mL SCF (Peprotech),
and 50 ng/mL TPO (Peprotec) for 6 weeks. Replicates for the control
group included: for dilution of 8 cells/well (n = 24 replicates), for dilu-
tion of 4 cells/well (n = 24 replicates), for dilution of 2 cells/well (n = 24
replicates), and for dilution of 1 cell/well (n = 48 replicates). Replicates
for the cKO group included: for dilution of 8 cells/well (n=36 re-
plicates), for dilution of 4 cells/well (n=36 replicates), for dilution
of 2 cells/well (n = 36 replicates), and for dilution of 1 cell/well (n = 60
replicates). Half of medium was replaced once a week. Frequencies of
cells with colony-forming capacity after long-term in vitro culture were
calculated using extreme limiting dilution analysis (ELDA).*® L-CalcTM
Software (StemCell Technologies) was used to assess the difference
between the two conditions.

Competitive bone marrow reconstitution assay

4 x 10° BM-MNCs from CD45.2 donor mice (Tie2"*; Tet3"F or Tie2*/",
Tet3™F) were transplanted into sub-lethally irradiated CD45.1 mice in
competition with 4 x 10° BM-MNC from CD45.1 mice. Reconstitution
of donor cells and repopulation of donor myeloid and lymphoid cells
were monitored by staining peripheral blood cells every 4 weeks for up
to 16 weeks with antibodies against CD45.1-PE (Life Technologies),
CDA45.2-APC-Cy7 (Life Technologies), CD3e-APC (for T cell, Biolegend),
B220-PacificBlue (Biolegend), CD11b-FITC, and Gr-1-FITC (for myeloid
cells, Life Technologies). Chimerism in HSCS and differentiated hema-
topoietic cells in the bone marrow was analyzed at 16 weeks after BMT.
A secondary BMT was performed using BM-MNC isolated from primary
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transplanted mice 16 weeks post-BMT. Reconstitution of donor cells
and repopulation of donor myeloid and lymphoid cells were monitored
by staining peripheral blood cells every 4 weeks post-transplantation.
BM of transplanted mice were analyzed at 12 weeks. Isolation, staining,
and analysis of BM-MNC at this stage was obtained as described in the
“Flow cytometry and cell sorting” section with the addition of CD45.2-
PE (Life Technologies) to mark donor cells. For peripheral blood smears,
the collected peripheral blood was smeared for May-Grunwald-Giemsa
staining (Sigma). Briefly, the samples were stained in May-Grunwald
solution for 5 min, washed in PBS for 90 s, stained in Giemsa solution for
15 min, finally washed in running tap water, and let them dry.

RNA-Seq and data analysis

RNA-seq was performed as previously described.'? Lin™ cells from 2- to
3-month Tet3™F and Tie2*/"®; Tet37F mice were sorted and collected by
FACs. Total RNA was extracted using the RNeasy micro kit (Qiagen
#74004), following manufacturer's instructions. Library preparation and
mRNA sequencing were performed by Novogene using their lllumina
Novoseq 6000 platform. Adaptors were removed by Trim galore (v0.6.7)
and trimmed reads were mapped to the mouse genome (mm10) using
STAR (v2.7.9a) with default parameters. Gene counts were obtained
from mapped reads using featureCounts with largestOverlap parameter.
DEGs were identified from the raw counts by DESeq2 (false discovery
rate-adjusted p <0.05 and fold-change >1.5), following the package
documentation. Gene ontology (GO) analyses of DEGs was performed
using DAVID (https://david.ncifcrf.gov/). All plots were generated in R
(https://www.r-project.org/) using custom scripts.

Enzymatic methylation sequencing (EM-seq) and
enzymatic 5-hydroxymethylation sequencing
(E5hmC-seq)

Lin~ cells from 2- to 3-month Tet3™" and Tie2""; Tet3™F mice were
sorted and collected by FACs. Genomic DNA was extracted with the
Quick-DNA Miniprep Kit (Zymo, D3024) according to the manufacturer's
instructions. Two biological replicates per genotype were subjected to
EM-seq or EShmC-seq. For EM-seq, 200 ng DNA was oxidized, deami-
nated, and amplified using the NEBNext EM-seq kit (NEB E7120). For
E5hmC-seq, 200 ng DNA was glucosylated, deaminated, and amplified
using the NEBNext EShmC-seq kit (NEB E3350). Both libraries were
subjected to 300-bp paired-end sequencing at Novogene using their
Novoseq 6000 platform. EM-seq libraries were sequenced to a depth of
100x and E5hmC-seq libraries were sequenced to a depth of 500x.
Spike-in lambda (negative control), pUC19 (5mC positive control), and T4
(5hmC positive control) DNA were used to confirm complete enzymatic
reactions and were mapped to their respective genomes using Bismark
(v0.24.2).** In all samples, the negative control lambda DNA mapping rate
was <1%; in EM-seq samples, pUC19 mapping rate was >80%; and in
E5hmC-seq, T4 mapping rate was >80% confirming reaction efficiency.
Data analysis was performed as previously described.'? Methylation and
hydroxymethylation levels were identified by methcounts from the
package methpipe. DMRs were defined as regions with >5 CpGs, me-
thylation difference > 20% and p < 0.05. DhMRs were defined as regions
with >3 CpGs, methylation difference > 20% and p < 0.05. The R package
ChlPseeker (v1.36.0) was used to annotate DMRs and DhMRs to genomic
features. Line plots were generated with the plotProfile function of
deeplools (v3.5.1). For visualization on Integrative Genome Browser
(IGV), bedGraph files were converted to bigwigs using bedtools bed-
GraphToBigWig (v2.30.0). Bed files were intersected using bedtools in-
tersect with default parameters. H3K27ac and H3K4mel ChlPseq data
were downloaded from ENCODE (experiments: ENCSROOOCCL and

ENCSROOOCAG). Both experiments were performed in 2-month-old bone
marrow cells. The processed data were downloaded and intersected using
Bedtools to identify enhancers in bone marrow cells (ENCFF061JZQ.bed
and ENCFF826DES.bigWig for H3K27ac; ENCFF699MDE.bed and EN-
CFF557LTZ.bigWig for H3K4me1).

RESULTS

TET3 regulates long-term hematopoietic stem cells
(LT-HSCs; CD150*CD48°CD347) during
embryogenesis

To investigate the requirements of TET3 in hematopoiesis, we in-
tercrossed our previously published Tet3"~ mice® to obtain Tet3™~
embryos. Consistent with previous reports,?° Tet3~~ mice die peri-
natally (Figure S1A). However, Tet3”~ embryos were comparable to
their littermate controls and had similar somite counts albeit with a
subtle decrease in weight at mid-gestation (Figure S1B-D). Analyses
of Tet3’~ embryos at early (E9.5), mid (E13.5), and late (E18.5)
gestation revealed no gross anatomical defects, and all embryos
analyzed were alive with a beating heart (Figure S1E). Likewise, the
development of organs such as the eyes, fetal liver, and placenta in
Tet3™’~ embryos were unaffected. Next, we quantified hematopoietic
stem and progenitor cells (HSPCs) in Tet3~~ E13.5 fetal livers by flow
cytometry (Figure 1A) using a defined gating strategy (Figure S2). We
found that Tet3™~ fetal livers had an increased percentage of LSK
cells compared to their littermate controls (Figure 1B). While the total
percentage of HSCs (CD150"CD48") was not affected in Tet3™~ fetal
livers (Figure 1C), LT-HSCs (CD150*CD48°CD34") were significantly
reduced (Figure 1D). This was accompanied by a subtle increase in
short-term (ST) HSCs (CD1507CD48°CD34"), but it did not reach
statistical significance (Figure S1F). These findings suggest that TET3
regulates LT-HSCs during embryogenesis.

Next, we wanted to assess how the deficiency of TET3 only in the
endothelial lineage, where HSCs emerge from, impacts embryonic he-
matopoiesis, and whether TET3 loss in the endothelial compartment is
responsible for perinatal lethality of mice. To this end, we conditionally
deleted Tet3 by crossing our previously published Tet3™F mouse? to
Tie2-Cre mouse, a strain that specifically expresses Cre in the en-
dothelial cells during embryogenesis. Tie2*/“; Tet3*F mice were born
and weaned at expected mendelian ratios (Figure S3A). Genotyping of
bone marrow mononuclear cells (BM-MNCs) isolated from Tie2*/",
Tet3™F mice confirmed complete excision of the floxed Tet3 exon 4
(Figure S3B). Tie2*’“: Tet3™F mice survived to adulthood and had
normal weight at 2 months of age (Figure S3C). We analyzed and
quantified hematopoietic cells in the fetal liver of E13.5 Tie2*<"®; Tet3™F
embryos (Figure 2A). We found an increase in the percentage of LSKs in
Tie2*/¢®: Tet3”F embryos compared to their littermate controls
(Figure 2B). While there was no deficit in the percentage
of total HSCs (CD150*CD48") (Figure 2C), there was a significant re-
duction of LT-HSC (CD150*CD48°CD34") in Tie2*/*"; Tet3™F embryos
(Figure 2D). These observations are consistent with our findings in
Tet3”/~ E13.5 embryos (Figure 1) and further supports that TET3 reg-
ulates the development of LT-HSCs during embryonic hematopoiesis.

Loss of TET3 leads to a reduction in HSCs
(CD1507CD48") in the adult bone marrow

The viability of Tie2*/<"¢; Tet3™F mice suggests that the reduction in
LT-HSC observed in TET3-deficient embryos is not responsible for
the perinatal lethality of Tet3”~ mice. This led us to investigate the
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FIGURE 1 Tet3”/" E13.5 fetal livers have a reduction in LT-HSCs (CD150* CD48~ CD347). (A) Strategy for analyzing hematopoietic cells in E13.5 fetal livers of
Tet3”/", Tet3*/", and Tet3"* embryos. (B) Quantification of LSK cells [Lin"Sca1*cKit*] cells in E13.5 fetal livers by flow cytometry. Representative flow plots (left) and LSK
cells plotted as percentage of Lin™ cells (right). (C) Quantification of HSCs [CD150"CD48] cells in E13.5 fetal livers by flow cytometry. Representative flow plots (left)
and HSCs plotted as percentage of CD1357LSK (right). (D) Quantification of LT-HSCs [CD150"CD48 CD34 7] in E13.5 fetal livers by flow cytometry. Representative flow
plots (left) and LT-HSCs plotted as percentage of HSCs (right). For all panels, error bars represent SD, and * indicates statistical significance (p < 0.05) using t-test.

impact of TET3 deficiency on adult hematopoiesis in Tie2*/"¢; Tet3"/F
mice. We analyzed BM-MNCs isolated from femurs and tibias
of 2-month-old Tie2*/%; Tet3™ mice and their littermate controls
by flow cytometry. We found that the percentage of LSKs and

Lin"Scal cKit" cells (Figure 3A) as well as the multipotent progenitor
cells, GMPs, CMPs, and MEPs (Figure S4A,B) were unchanged in
Tie2*/¢; Tet3"F bone marrow compared to controls. Consistently,
colony forming unit (CFU) capacity of Tie2*/“®; Tet3"F LSKs was
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plotted as percentage of Lin~ cells (right). (C) Quantification of HSCs [CD150"CD487] in E13.5 fetal livers by flow cytometry. Representative flow plots (left) and HSCs
plotted as percentage of CD135 LSK (right). (D) Quantification of LT-HSCs [CD150*CD48 CD347] in E13.5 fetal livers by flow cytometry. Representative flow plots (left)
and LT-HSCs plotted as percentage of HSCs (CD150*CD48") (right). For all panels, error bars represent SD, and * indicates statistical significance (p < 0.05) using t-test.

unaffected (Figure S4C). The quantification of mature myeloid and
lymphoid cells in 2-months-old Tie2*/“"®; Tet3F and control bone
marrow showed no differences in the percentage of myeloid cells
(Figure S5A) or T and B cells (Figure S5B). Interestingly, the percen-
tage of HSCs (CD150"CD48") was significantly reduced in Tie2*/°";

Tet3"F mice (Figure 3B). This was accompanied by an increase in
the LSK CD135°CD150 CD48" cell population (Figure 3B). Notably,
we found that Tie2*<"®; Tet3™F mice, like Tet3/~embryos, had a
significant reduction in LT-HSCs (CD150"CD48°CD347) as well as a
significant increase in ST-HSCs (CD150"CD48 CD34") (Figure 3C).
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FIGURE 3 Adult 2-month-old Tie2*/°"; Tet3"f mice have reduced HSCs (CD150*CD48") in the bone marrow. (A) Quantification of LSK [Lin"Scal*cKit*] cells
and Lin"Sca1” cKit* cells in bone marrow by flow cytometry. Representative flow plots (left) and cells plotted as percentage of Lin~ cells (right). (B) Quantification of
HSCs [CD150*CD487] cells and LSK CD135°CD150 CD48" in bone marrow by flow cytometry. Representative flow plots (left) and cells plotted as percentage of
CD1357LSK (right). (C) Quantification of LT-HSC [CD150*CD48 CD347] and ST-HSC [CD150*CD48 CD34"] by flow cytometry. Representative flow plots (left) and
LT-HSCs plotted as percentage of HSCs [CD150*CD487] (right). In all panels, control samples are either Tie2*/*; Tet3*/F or Tie2*'*; Tet3". For all panels, error bars
represent SD, and * indicates statistical significance (p < 0.05), **p < 0.01, and ***p < 0.001 using t-test.

These findings suggest that TET3 regulate

s HSC homeostasis and may

influence HSC self-renewal without impacting multipotency.

To test the multilineage engraftment potential of Tie2
competitive bone marrow

Tet3”F HSCs, we performed a

+/cre,
i

transplantation (BMT) in which 50% CD45.1 competitor BM-MNCs
were mixed with either 50% Tie2*'*; Tet3"F or Tie2*/*"®; Tet3"/F donor

CD45.2 BM-MNC s and transplanted in sub-lethally irradiated CD45.1
recipient mice (Figure 4A). The analysis of peripheral blood every
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FIGURE 4 Competitive bone marrow transplantation of Tie2*/*%; Tet37/F BM-MNCs. (A) Schematic of competitive bone marrow transplantation (BMT) with either
control or Tie2"<"®; Tet3™F donor BM-MNCs. BM from 2 Tet3"* or 2 Tie2*/“%; Tet3™F was transplanted into 16 mice (FOUR mice per BM sample). (B) Percentage
of donor cells in the peripheral blood of transplanted mice analyzed every 4 weeks after primary competitive BMT for 16 weeks. n = 8 transplanted mouse per genotype.

(C) Percentage of donor cells within the bone marrow of transplanted mice 16 weeks after primary competitive BMT. n = 4 transplanted mice per genotype.

(D) Percentage of donor cells in the peripheral blood of transplanted mice analyzed every 4 weeks after secondary BMT for 12 weeks. n = 8 transplanted mouse per
genotype. (E) Percentage of donor cells within the bone marrow of secondary transplanted mice 12 weeks after secondary BMT. n = 4 transplanted mice per genotype.
For all panels, error bars represent SD, and * indicates statistical significance (p < 0.05) and **p < 0.01 using t-test.

4 weeks post-transplantation revealed an overall reduced contribu-
tion of Tie2*/"¢; Tet3™F cells, especially a significantly reduced con-
tribution to the myeloid population (Figure 4B). The morphology of
myeloid cells was investigated in the PB smear by May-Griinwald-
Giemsa staining. This revealed that no myeloid blasts were present

suggesting that the loss of TET3 does not lead to myeloid disease in
BMT context (Figure S5C). The analysis of bone marrow at 16 weeks
post-transplantation revealed that while contribution Tie2*/"®; Tet3"F
BM-MNCs to mature cell types was largely unaffected, contribution to
HSCs (CD1507CD487), specifically LT-HSCs (CD150"CD48 CD34"),
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was significantly reduced (Figure 4C). To further investigate the en- 4,2, or 1 Tie2*/°®; Tet3"F or control HSCs into a single well and
graftment and multilineage potential of Tie2*/“®; Tet3F HSCs, we cultured them for 6 weeks. The assessment of colony formation
performed a secondary BMT 16 weeks post-primary BMT. The analysis revealed a reduction of the colony forming capacity of Tie2*/<"¢;
of peripheral blood every 4 weeks post-secondary BMT revealed Tet3™F HSCs in vitro by 2.5 fold (Figure 5A). Finally, we
an overall reduced contribution of Tie2*/°": Tet3™F cells to B, T, and investigated if TET3 influenced HSC quiescence. We found
myeloid cells (Figure 4D). The analysis of bone marrow at 12 weeks that loss of TET3 caused a reduction in the percentage of
post-secondary BMT revealed that contribution of Tie2°"; Tet3"F quiescent (ki677) HSCs and an increase in the percentage of ac-

BM-MNCs to mature cell types (except T cells) and to HSCs tive (ki67*) HSCs compared to Tet3™F controls (Figure 5B). Al-
(CD150"CD487), including LT-HSCs (CD150°CD48°CD347), was together, these findings show that TET3 plays important roles in

significantly reduced (Figure 4E). HSC homeostasis and suggest that TET3 could maintain HSC self-
We also assessed the functional capacity of Tie2?/<"; Tet3™F renewal ability in vivo and in vitro by regulating the HSC quies-
HSCs using an in vitro limiting dilution assay, where we sorted 8, cent state.
(A) Sort HSCs from
Tet3FF or Tie2+ere: Tet3F/F LTC-IC (at 6 weeks in culture)
2-month-old mouse bone marrow by FACS 0.0
y ® Tet3”r
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° 0.5
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legend and methods) g
o)
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FIGURE 5 In vitro long-term culture-initiating cell (LTC-IC) assay of Tie2*/*"®; Tet37/F HSCs and quantification of quiescent and active HSCs in the bone
marrow. (A) Long term culture-initiating cell (LTC-IC) capacity of Tet3"F and Tie2*/“"®; Tet3™F HSCs isolated from 2-month-old mouse bone marrow. Overall test for
differences in stem cell frequencies between groups calculated by the chi-square test. The slope of the line is the log-active cell fraction. The dashed lines give the
95% confidence interval. n 2 24 wells per condition per genotype. Note that there is a significant reduction in the ability of Tie2*/*¢; Tet3"F HSCs to form colonies.
There is a 2.5-fold change between the control (1:4) and experimental (1:10) groups. Replicates for control Tet3™F group: for dilution of 8 cells/well (n = 24 replicates),
for dilution of 4 cells/well (n = 24 replicates), for dilution of 2 cells/well (n = 24 replicates), and for dilution of 1 cell/well (n = 48 replicates). Replicates for Tie2*/";
Tet3™F group: for dilution of 8 cells/well (n = 36 replicates), for dilution of 4 cells/well (n = 36 replicates), for dilution of 2 cells/well (n = 36 replicates), and for dilution
of 1 cell/well (n = 60 replicates). (B) Quantification of quiescent HSCs (qHSC) and active HSCs (aHSC) in Tet3"F and Tie2*/*¢; Tet3™F bone morrow. Representative
flow cytometry plots showing percentage of aHSCs or gHSC in each box (left) and cells plotted as percentage of HSCs (CD150*CD487) (right). Tet3™F group (n = 5)
and Tie2*"¢; Tet3™F group (n = 4). For all panels, error bars represent SD, and * indicates statistical significance (p < 0.05) and **p < 0.01 using t-test.



HemaSphere 9 of 14

Loss of TET3 leads to hyper-methylation and Tet37F and control 2-month-old mice. We found that methylated
downregulation of cell cycle genes CpG sites were increased and hydroxymethylated CpG sites were
reduced in Tie2";, Tet3™F cells genome-wide (Figure 6A,B).
Since TET3 regulates DNA methylation levels by converting 5mC to Differential methylation and hydroxymethylation analyses revealed
5hmC, we mapped 5mC and 5hmC in Lin~ cells isolated from Tie2*/<"e; that the majority of genomic regions were hyper-methylated or
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FIGURE 6 Analysis of DNA methylation and hydroxymethylation levels in Tie2*/<"%; Tet3™F Lin™ cells by EM-seq and EShmC-seq, respectively. (A) Percentage
of methylated CpG sites (5mC) genome wide. (B) Percentage of hydroxymethylated CpG sites (5hmC) genome wide. (C) Number of differentially methylated regions
(DMRSs, top) and differentially hydroxymethylated regions (DhMRs, bottom). (D) Profile plot showing 5mC levels at all hyper-DMRs across genes from 5 kb upstream
of TSS (transcriptional start site) to 5 kb downstream of TES (transcriptional end site). (E) Profile plot showing 5hmC levels at all hypo-DhMRs across genes from 5 kb
upstream of TSS to 5 kb downstream of TES. (F) Percentage of hyper-DMRs and hypo-DhMRs across genes and gene regulatory regions. (G) Profile plots showing
5mC and 5hmC levels at +5 kb of active enhancers in bone marrow cells. Enhancer coordinates were identified using H3K27ac ChIP-seq data from ENCODE. For
panels A and B, error bars represent SD, and * indicates statistical significance (p < 0.05) using t-test.
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hypo-hydroxymethylated. We identified 9776 hyper differentially
methylated regions (DMRs) and 761 hypo-differentially hydro-
xymethylated regions (DhMRs) (Figure 6C-E). The high number of
DMRs compared to DhMRs is consistent with the high abundance
of 5mC (~73% of all CpGs) compared to 5hmC (~1.5% of all CpGs).
Hyper-DMRs were evenly dispersed throughout the genome
at promoters, gene bodies, and distal intergenic regions while
hypo-DhMRs were most commonly observed at promoters and
exons (Figure 6F). Because TET enzymes have been implicated in
demethylation of enhancers,>10324%>46 \we wanted to assess the
methylation and hydroxymethylation status of enhancers. To this
end, we used H3K27ac and H3K4me1l ChiIP-seq data in BM-MNCs
from ENCODE?® and identified 18,536 active enhancers (i.e., regions
positive for both marks) (Figure S6A). DNA methylation levels
were increased at and around active enhancers, while DNA hydro-
xymethylation levels were decreased around active enhancers
in Tie2*"; Tet3™F Lin~ cells (Figure 6G). Of the ~18,000 active
enhancers in BM-MNCs, 564 active enhancers were associated to a
hyper-DMR (Figure S6B). Together, these findings suggest that TET3
may influence the expression of genes through DNA demethylation in
hematopoietic cells. We found that hyper-DMRs were associated
to ~5000 genes and hypo-DhMRs to ~500 genes (Figure 7A). Gene
ontology analysis of hyper-DMR-associated genes revealed processes
related to cell proliferation, cell cycle, and transcriptional regulation
(Figure 7B). Our transcriptomic analysis of Tie2*/“"¢; Tet3F Lin™ cells
by RNA-seq identified 498 differentially expressed genes (DEGs)
(Figure S6C) with many downregulated genes associated to hyper-
DMRs (Figure 7C). Several hematopoietic transcription factors and
cell cycle regulators were hypermethylated and downregulated
(Figures 7C,D and S6D). Hypermethylation and downregulation of
the cyclin-dependent kinase inhibitors Cdkn2c and Cdkn2d, which are
negative regulators of the cell cycle, may underpin the decrease in the
number of quiescence HSCs in TET3-deficient bone marrow, leading
to a reduction in the HSC population. Together, our findings establish
a requirement for TET3 in regulating DNA methylation levels for
proper hematopoietic gene expression and HSC function.

Because the hematopoietic phenotypes of Tie2*/“; Tet3™F mice
(i.e., reduction in percentage of LT-HSCs) are less severe and different
than the hematopoietic phenotypes of Tet2™/~ mice (i.e., block in dif-
ferentiation and onset of myeloid disease and malignancy*33%4), we
compared the gene expression and methylome of our Tie2*/“"®; Tet3/F
mice to those of previously published Tet2™'~ mice.>° Comparison of
DEGs in Tie2"%; Tet37F Lin™ cells to DEGs in Tet2”~ Lin™ cells re-
vealed only 21 common genes and they were not considered main
drivers of hematopoietic defects in Tet2”~ mice (Figure S7A). In con-
trast, 477 DEGs were unique to Tie2*/“"®; Tet3™F and 208 DEGs were
unique to Tet2”~ Lin~ cells. This suggests that the gene expression
profile changes of Tie2**"®; Tet3™F and Tet2/~ mouse models are
different, which is consistent with their distinct hematopoietic phe-
notypes. Similarly, comparison of ~9800 hyper-DMRs in Tie2*/<";
Tet3™F Lin™ cells to the ~3700 hyper-DMRs present in Tet2™~ Lin
cells®® revealed only 435 common hyper-DMRs (Figure S7B) none of
which were associated to any major hematopoiesis genes. This sug-
gests that TET3 and TET2 largely regulate distinctive genomic regions
and genes in Lin~ cells and that is why loss of each have different
impacts on hematopoiesis. Finally, comparison of DEGs in our Tie2*/<¢;
Tet3™F mouse to that of a published Tet2™/~; Tet3™" Mx1-Cre* double
knockout (DKO) mouse*! identified only 30 common DEGs, while 468
DEGs were unique to Tie2*’“"®; Tet3"F and 684 DEGs were unique to
DKO cells (Figure S7C). This analysis suggests that loss of TET3 in the
absence of TET2 leads to deregulation of more genes consistent with
the stronger phenotypes observed in TET2/3-DKO mice compared to
Tet2™'~ mice alone.

DISCUSSION

Tet3 is expressed in hematopoietic cells but its requirements in he-
matopoiesis is less studied. Here, we provide four lines of evidence
that implicate TET3 in HSC homeostasis during embryonic and adult
hematopoiesis. (1) TET3 deficiency reduces the percentage of
LT-HSCs in the fetal liver and adult bone marrow. (2) Consistently
TET3-deficient bone marrow has less quiescent and more active
HSCs. (3) TET3-deficient HSCs have reduced CFU capacity, and
TET3-deficient BM-MNCs have decreased contribution to the HSC
compartment, especially LT-HSCs, in transplantation assays. (4) Loss
of TET3 leads to DNA hypermethylation at key cell cycle genes and
hematopoietic lineage driver genes leading to their downregulation.
Together these findings suggest that TET3 maintains HSC home-
ostasis in part by regulating self-renewal and proliferation.

Global loss of TET3 is not compatible with viability and leads to
perinatal lethality in mice.2® Although Tet3™/~ embryos have reduced
LT-HSCs, the viability of our Tie2¥"®; Tet3F mice, which deletes
TET3 in endothelial cells and hence the hematopoietic lineage,
suggests that the perinatal lethality of Tet3~~ mice is unlikely due
to hematopoiesis-related disorders. Interestingly, the reduction in
percentage of LT-HSCs in Tie2"¢; Tet3™F E13.5 fetal livers was
consistent with findings in Tet3/~ E13.5 fetal livers supporting a
hematopoietic specific role for TET3 in regulating LT-HSCs. Our
findings indicate that TET3 regulates HSC homeostasis by regulating
HSC proliferation. One explanation for the reduction of HSCs,
particularly LT-HSCs, in adult Tie2*°®; Tet3™F mice could be
increased proliferation and exhaustion of HSCs. This would be in
agreement with the presence of less quiescent and more active HSCs
observed in Tie2*/“"®; Tet3"F mice. The downregulation of negative
regulators of cell cycle in TET3-deficient bone marrow, in particular
the cyclin-dependent kinase inhibitor genes Cdkn2c/d, suggests that
TETS likely serves as a negative regulator of HSC proliferation. This is
consistent with increased DNA methylation and reduced hydro-
xymethylation at these genes, supporting that they might be direct
targets of TET3-mediated DNA demethylation. In agreement with
our findings, CDK inhibitors have been implicated in regulating
the quiescent state of HSCs and deletion of CDK inhibitors such
as Cdkn2c (p18) in HSCs results in increased HSC activity.*®4° TET
enzymes have been implicated in regulating the cell cycle and pro-
liferation of other stem cell types.??°° In embryonic stem cells (ESCs),
TET1 negatively regulates p21 levels to control G1/S transition and
its loss reduces proliferation of ESCs.”® In neuroectoderm cells, TET3
loss increases the percentage of cells in S phase, and cell cycle genes
were identified as direct targets of TET3.12 Our findings expand on
these findings and implicate TET3 in regulating HSC proliferation by
demethylation and activation of cell cycle genes.

The deficits in Tie2*/“"®; Tet3"F HSCs are reflected in both their
self-renewal potential, where they performed poorly in limiting dilu-
tion assay forming fewer colonies, as well as in competitive BMT,
where they contributed poorly to HSCs and in particular LT-HSCs.
Interestingly, contribution to more mature cell types was not sig-
nificantly affected in the bone marrow, and only myeloid cells were
reduced in the peripheral blood after primary BMT, while myeloid and
B and T cells were reduced in PB after secondary BMT. Since the
percentage of myeloid cells was unaffected in the bone marrow of
Tie2"¢; Tet3™F mice, the reduction in myeloid cell in peripheral
blood of transplanted mice may be due to stress of BMT. Interest-
ingly, TET3 has been implicated in myeloid malignancies such as
AML.®® Although we do not see the presence of myeloid blasts in
young Tie2*/"®: Tet3™F mice or in transplanted mice, it is possible
that mature blood cells such as myeloid cells are affected
with age. Future studies aimed at characterizing the hematopoietic
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phenotypes of aged Tie2*/*"; Tet3™F mice will elaborate more on
functions of TET3 in the myeloid lineage. Downregulation of several
mature lineage drivers, such as Cebpb and Mafb, in 2-month-old
Tie2*/<e; Tet3"™F mice, may underlie any potential dysregulation of
mature blood cell types with age. We found Mafb to be down-
regulated and hypermethylated in Tie2"®; Tet3™F hematopoietic
cells. Mafb is expressed in the myeloid lineage and regulates mono-
cyte and macrophage differentiation.’>>? Inhibition of Mafb blocks
myeloid colony formation and formation of macrophages.>? While
we do not see a reduction in myeloid cells in 2-month-old Tie2*/°";
Tet3™F mice, it is possible that a reduction in Mafb may affect myeloid
cells in older mice or upon BMT as we have observed.

TET enzymes are critical regulators of hematopoiesis and are
implicated in hematopoietic disorders.245%°* While TET2 is most
commonly studied in the hematopoietic lineage due to the prevalence
of Tet2 mutations in blood malignancies, TET1 and TET3 have also
been implicated in hematopoiesis.>>374° Despite TET3-regulating
LT-HSCs, both embryonic and adult hematopoiesis in Tie2*/°",
Tet3™F mice allow the formation of mature blood cell types
suggesting there may be compensatory mechanisms that allow for
contribution of TET3-deficient HSCs to form mature hematopoietic
cell types. It is possible that TET1 or TET2 compensates for TET3 loss
in HSCs. While we do not see the induction of Tet1/2 in Tie2°";
Tet3™F bone marrow, it is possible that their redistribution or alter-
native parallel mechanism ameliorates the impact of TET3 deficiency.

Tet3 is expressed at much lower levels than Tet2 in HSCs, and
it is not surprising that TET3 deficiency has by far milder effects
on HSCs compared to TET2 deficiency.?’ However, it has been
shown that in the context of TET2 loss, TET3 deficiency has a
major impact on hematopoiesis.** While TET2 loss blocks differ-
entiation of HSPCs leading to CMML by 1 year of age, combined
loss of TET2 and TET3 leads to a much earlier onset of leukemia
within 2 months.*? Similarly, while TET2 loss does not have a
significant impact on embryonic hematopoiesis and TET2 null
embryos are viable, TET2 and TET3 combined loss leads to em-
bryonic hematopoiesis defects in zebrafish®® and embryonic
lethality in mouse.>® This suggests that the deficits caused by
TET3 deficiency exacerbates the effects of TET2 loss leading to
more profound phenotypes during embryonic and adult hemato-
poiesis. We found no major overlap in the gene expression pro-
files and methylome of TET3 and TET2 knockout hematopoietic
cells. This suggests that TET2 and TET3 regulate distinct genomic
regions and genes and that is why TET2 and TET3 knockout
models have such distinct phenotypes. It is likely that the combined
deregulation of their target genes exacerbates the phenotypes of TET2
knockout cells. For example, loss of TET3 impacting cell cycle programs
and loss of TET2 affecting key hematopoietic differentiation programs
together lead to a severe phenotype in TET2/3 DKO mice. Con-
sistently, we have shown that more genes are deregulated in TET2/3
DKO mice compared to TET3 knockout mice, albeit with less overlap
between them. While these comparisons provide interesting insights,
there are developmental differences between our TET3 KO and pub-
lished TET2/3DKO mice which can complicate interpretations. In our
Tie2®: Tet3™F mouse, Tet3 is deleted in the entire hematopoietic
system early in embryogenesis via an early embryonic expression of
Cre in the endothelial compartment. In contrast, in the TET2/3 DKO
mouse model (Tet2™~; Tet3™" Mx1-Cre*) Mx1-cre is induced upon plp-
C injections in adult mice** and exclusively studies the impact of TET2/
3 loss in adult hematopoiesis. Future studies involving direct compar-
ison of models with similar spatiotemporal deletion of TET2 and TET3
will be essential to accurately compare their requirements in hemato-
poiesis. In conclusion, TET3 has impactful roles in hematopoiesis and
our findings have implications for understanding normal and abnormal

hematopoiesis where TET3 alone or in conjunction with other TET
enzymes are dysregulated.

Limitations of the study: While this study investigates the ef-
fects of TET3 loss in embryonic and adult HSCs and identifies key
deficits in HSC homeostasis, the impact of this defect in long-term
survival of mice or manifestation of any hematopoietic abnormal-
ities/disease is not covered as part of this study. Future work aimed
at aging Tie2*/°"®; Tet3"F mice will help better define long-term
consequences of TET3 deficiency during hematopoiesis. Likewise,
disruption of TET3 in adult HSCs, using inducible systems such as
Mx1-Cre with plpC, would elaborate on how loss of TET3 at various
ages impacts hematopoiesis. Finally, at the molecular level, while we
identify several cell cycle and hematopoietic regulators to be per-
turbed, it is likely that other regulators of hematopoiesis or proliferation
are affected as well but detection of those changes were masked in
bulk RNA-seq. Future single-cell transcriptomic and epigenomic ap-
proaches may identify more discrete targets of TET3 in HSCs. Likewise,
challenges in mapping TET3 genomic occupancy due to unavailability of
suitable antibodies limit our ability to establish direct targets and re-
gions that TET3 regulates. Improvements in these technologies would
provide better mechanistic insights into how TET3 regulates hemato-
poiesis at the molecular level.

QUANTIFICATION AND STATISTICAL
ANALYSES

We used one-way ANOVA test or unpaired t-test in GraphPad Prism
8 to calculate statistical significance. Statistical methods used for
bioinformatics analyses are explained in detail under the respective
methods subsections.
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