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1. Abstract

Loss-of-function mutations in ten-eleven translocation-2 (7ET2) are recurrent events in acute
myeloid leukemia (AML) as well as in preleukemic hematopoietic stem cells (HSCs) of age-
related clonal hematopoiesis. TET3 mutations are infrequent in AML, but the level
of TET3 expression in HSCs has been found to decline with age. I examined the impact of
gradual decrease of TET function in AML development by generating mice with Tet deficiency
at various degrees. Tet2"" and Ter3"f mice were crossed with mice expressing Mx-Cre to
generate Tet2" ' Tet3""Mx-Cre* (T24T3), Tet2" Tet3"'Mx-Cre* (AT2T3), and Tet2" Tet3" Mx-
Cre* (AT24T3) mice. All AT2AT3 mice died of aggressive AML at a median survival of 10.7
weeks. By comparison, 72473 and 47273 mice developed AML at longer latencies, with a
median survival of ~27 weeks. Remarkably, all 9 72473 and 8 AT2T3 mice with AML showed
inactivation of the remaining nontargeted Tet2 or Tet3 allele, respectively, owing to exonic
loss in either gene or stop-gain mutations in 7ez3. Recurrent mutations other than 7et3 were
not noted in any mice by whole-exome sequencing. Spontaneous inactivation of

residual Tet2 or Tet3 alleles is a recurrent genetic event during the development of AML with

Tet insufficiency.
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2. Background

2.1 Acute myeloid leukemia

Acute myeloid leukemia(AML) is a heterogeneous form of hematopoietic disorder
characterized by infiltration of the bone marrow, blood and other tissues by proliferative and
abnormally differentiated cell of the hematopoietic system.! AML may arise as a de novo
malignancy, due to prior therapy with cytotoxic agents or it may occur in patients with
underlying hematological disorders. > Approximately 80% cases of AML are seen in adults and
it is the most common leukemia in adults in United States® and Japan.*

Clinical features of AML are mostly due to accumulation of malignant, poorly
differentiated myeloid cells within the bone marrow, peripheral blood and other organs.
Physical signs and symptoms such as pallor, fatigue, easy bruising, anorexia, weight loss are
more common than lymphadenopathy and organomegaly. These are accompanied by anemia,
leukocytosis and thrombocytopenia. Morphologically, AML blast cells appear larger than
lymphocytes or monocytes and the nuclei are large in size, varied in shape and usually contain
several nucleoli. Common cluster differentiation (CD) markers expressed on blasts cell are
CD13, CD33 and CD34.° The diagnosis of AML is established by the presence of 20% or more
blasts in the bone marrow or peripheral blood.¢

Chromosomal translocations in AML consists of t(8:21) forming the RUNXI-RUNXITI
fusion , inv(16) forming CBFB-MYH11, and the t(15;17) forming the PML-RARA chimeric
protein. 7 Although these cytogenetic abnormalities are important determinants of diagnosis
and prognosis in AML, 50-60% of patients have cytogenetically normal AML(CN-AML). 8 In
such cases of limited karyotypic abnormality, identification of recurrent gene mutations can be
important for further management of AML. Recurrent mutations in AML can be divided
according to functional groups as following: genes of the signaling and kinase pathway (FLT3,

KIT, KRAS, NRAS, PTPN11, NF1), epigenetic modifiers (DNMT3A, IDH1, IDH2, TET2,



ASXL1 EZH2, MLL/KMT2A), nucleophosmin (NPM1), transcription factors (CEBPA,
RUNX1, GATA2), tumor suppressors (TP53), spliceosome complex (SRSF2, U2AF1, SF3BI1,
ZRSR2) and cohesion complex (RAD21, STAGI1, STAG2, SMC1A, SMC3).°

The general therapeutic strategy in patients with AML is divided into two phases:
induction (cytarabine and anthracycline) and consolidation therapy. The post remission or
consolidation strategy is individualized and includes conventional chemotherapy and
hematopoietic stem cell transplantation. Though there have been significant improvements in
outcomes for younger patients in the past decades, prognosis for those >60 years old remains

poor 10,11

2.2 TET family of genes

Structure

TETI was initially discovered as a chromosomal translocation partner of the KM72A4
(previously known as mixed-lineage leukemia (MLL)) in leukemia.'>!3 TET2 and TET3 were
subsequently identified on homology searches. All TET proteins share common features
among them (Figure 1); they all consist of a double stranded B helix (DSBH) domain, a
cysteine-rich domain, and binding sites for a-ketoglutarate (a-KG) and Fe (II). These structures
form the catalytic region in the C terminus. On the amino(N) terminus, 7E7/ and TET3 have
a CXXC-type domain that binds to DNA.'%1¢, As for TET2, its ancestral CXXC domain is now

encoded separately by a neighboring gene, IDAX (also called CXXC4).



Figure 1: Structure of TET proteins
Structure and functional domains of ten-eleven translocation (TET) family proteins. o-KG, a-
ketoglutarate; CD, cysteine-rich domain; Cys, cysteine; DSBH, double-stranded p-helix domain.

TET proteins and DNA methylation

DNA methylation, particularly methylation of cytosine residue at 5’ — Cytosine — phosphate —
Guanine — 3’ (CpG) sites, is one of the important epigenetic modification and its disruption
can cause dysregulation of gene expression.!”! The critical role of TET family proteins in
DNA methylation was reported a decade ago. The family of ten-eleven translocation (TET)
methylcytosine dioxygenases, TETI, TET2, and TET3, hydroxylate 5-methylcytosine (5-mC)
to 5-hydroxymethylcytosine (5-hmC), which is then converted to formylcytosine and

carboxylcytosine (Figure 2).20-2?
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Figure 2: Pathways of cytosine demethylation mediated by ten-eleven translocation (TET)
proteins. DNMTs transfer a methyl group to the 5-position of cytosine. TET enzymes catalyze the
oxidation of 5-mC to 5-hmC, 5-fC, or 5-caC. All four modified cytosine bases can be demethylated by
TDG, then ultimately replaced with unmodified cytosine via base excision repair.

(DNMT, DNA methyltransferase; 5S-mC, 5-methylcytosine; 5-hmC, 5-hydroxymethylcytosine; 5-fC, 5-
formylcytosine; 5-caC, 5-carboxylcytosine; TDG, thymine DNA glycosylase.)

Physiological functions and expression in solid tumors
TET proteins have roles in diverse biological processes, including epigenetic regulation of gene
transcription, embryonic development, stem cell function and cancer, but the mechanisms
underlying these roles are still poorly defined. TET1 and TET?2 play important role in germ cell
development via methylcytosine oxidation while 7E73 mediates methylcytosine oxidation in
the male pronucleus in the zygote. 2* TET2 and TET3 have also shown strong expression in
hematopoietic and neuronal lineages. %°

Mutations of TET genes and decreased expression of TET proteins have been
implicated in melanoma, colorectal cancer and other cancer including gastric, prostrate, lung,

liver and breast cancer, 26 27 28 29



23 TET genes in hematological malignancies

The role of TET proteins has been widely studied in hematological malignancies. TET! was
originally identified as a fusion partner of MLL gene and has been shown to play an oncogenic
role in MLL-rearranged AML.!>1339 TET?2 loss-of-function mutations have been frequently
found in myeloid malignancies such as acute myeloid leukemia (AML; 7.3%23%)3!-3,
chronic myelomonocytic leukemia (CMML; 22%-42%)*!, myelodysplastic syndromes (MDS;
18%-33%)3!-36-38 and myeloproliferative neoplasms (MPN; 7%—16%)!3°. Moreover, TET2 is
the second-most frequently mutated gene in age-related clonal hematopoiesis (ARCH).40-42
These studies suggest that while TE72 mutations act as strong drivers for myeloid neoplasms,
they do not induce any disease by themselves and therefore, concurrence of additional genetic
events is necessary for the development of full-blown myeloid malignancies. TE73 mutations,
on the other hand, were found infrequently in myeloid malignancies. mRNA expression of Tet3,
however, was shown to decline with age in mouse hematopoietic stem cells (HSC) *, as well
as in human peripheral blood T cells.**

Taken together, they suggest that the age-dependent decline of TET enzymatic activity
through TET2 mutations and decreased TET3 expression in HSCs may contribute to the
development of myeloid neoplasms, most of which occur in the ageing population. This agrees
with the observation that induced deficiency of Tez2 and Tet3 led to aggressive development
of AML in mice,* whereas inactivation of either Ter2 or Tet3 alone did not.***’ Deficiency of
Tet2 alone in mice led to chronic myelomonocytic leukemia-like diseases*®*34%, T-cell>® and
B-cell malignancies®’>? depending upon type of strains. Tet3 deficiency alone did not

significantly disturb hematopoiesis.*’
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3. Aim of the study

In order to understand the mechanisms of leukemic transformation from ARCH through
impairment of TET function, I and my colleagues established mice with various degrees of
three- and four-allele disruption of Tet2 and Tet3. >3>* Double homozygous disruption of Ter2
and Ter3 led to rapid development of AML, as described previously. #>3 Mice deficient in
three alleles of Tet2 and Tet3, in contrast, progressed to AML after longer latencies.>* The aim
of this study was to explore the molecular mechanism of development of myeloid leukemia in

mice with TET deficient status.

4. Materials and methods

4.1  Housing and breeding of mice

Tet2-floxed (Tet2") mice were provided by Olivier Bernard from INSERM.*® Tet3-floxed
(Tet3"") mice were created by Haruhiko Koseki from RIKEN by inserting loxP sites into introns
7 and 9 to delete the cysteine-rich Fe-binding domain (Figure 3A). C57BL/6 (CD45.1)
recipients were purchased from CLEA Japan. Tet2"" and Tet3"" mice were crossed with mice
expressing Cre recombinase under control of the type I interferon-inducible Mx/ murine
promoter (Mx-Cre)* to obtain Tet2"™'Tet3"Mx-Cre™ (T24T3), Tet2" Tet3"™ Mx-Cre* (AT2T3),
and Tet2" Tet3""Mx-Cre* (AT2AT3) mice. Neonatal mice received 3 intraperitoneal injections
of polyinosinic:polycytidylic acid (pIpC) at a dose of 300 pg every other day from 2 days after
birth. Tet2, Tet3, and MxI-Cre alleles were genotyped using tail DNA, and the 3 genotypes
were distinguished by multiplex PCR (Figure 3B), following previous works in the laboratory
(Table 1).33* The mice were housed at the Animal Center for Biomedical Research, University

of Tsukuba, following institutional guidelines.

11
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Figure 3: Establishment of Tet2/Tet3 conditional knockout mice.

(A) Partial structure of Tet2 and Tet3 genes. LoxP sites were located in intron 10 and the 3’UTR of

exon 11 for Tet2, and in introns 7 and 9 for Tet3.

(B) Multiplex PCR analyses of Mx-Cre-mediated deletion of Tet2 and Tet3 alleles in tail and bone
marrow (BM) cells. Samples were collected from Mx-Cre'Tet2™Tet3" (T24T3) or Mx-
Cre'Tet2" Tet3™(AT2T3) mice 2 months after injections of polyinosinic:polycytidylic acid (pIpC) for

tail samples and after development of AML for BM samples.

Tet2 flox F GGCAGAGGCATGTTGAATGA

Tet2 flox R TAGACAAGCCCTGCAAGCAAA

Tet2 del R GTGTCCCACGGTTACACACG

Tet3 flox F CTAGCACCTCAGTCTGGGACC

Tet3 flox R [ TGAGTAAGAGCAGGCAGGGAG

Tet3 del R CAGACAGTGGCATAGCAGTGG

Table 1: PCR primers used for genotyping and confirmation of 7et2 and Ter3 deletion.
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4.2 Establishment of cell lines

Bone marrow (BM) cells from leukemic 72473 and AT2T3 mice were cultured in Roswell Park
Memorial Institute medium (RPMI)-1640 (Sigma) supplemented with 10% fetal bovine serum
(FBS), 1% penicillin/streptomycin (PS), and 10 ng/mL murine interleukin-3 (IL-3; Wako) at

37°C and 5% CO: for at least 1 month, resulting in the establishment of respective cell lines.

43 Quantitative real-time PCR

RNA was isolated using the RNeasy Mini Kit (Qiagen) and transcribed with random hexamers
using SuperScript III Reverse Transcriptase (Invitrogen) following the manufacturers’
protocols. Quantitative real-time PCR (Q-PCR) was performed using FastStart SYBR Green
Master mix or FastStart TagMan Probe Master mix (Roche) on a 7500 Fast Real-Time PCR
system (Applied Biosystems). Relative expression was determined using the relative standard
curve method. Each sample was analyzed in triplicate and normalized to 18S RNA. The

primers and probes used for this experiment are shown in Table 2. 53

Tet2 F | CTCGAAAGCGTTCCTCTCTG

Tet2 R | CGGTTGTGCTGTCATTTGTT

Tet3 TagMan Mm00805754 _m1 (Thermo Fisher)

TagMan Ribosomal RNA Control Reagents
(Thermo Fisher)

18S

Table 2. Primers and probes for quantitative real-time PCR (Q-PCR).

4.4  Bone marrow transplantation in mice
BM cells were isolated and flushed with phosphate-buffered saline (PBS) supplemented with
1% bovine serum albumin (BSA) by use of a syringe. For whole BM transplantation, 1 x 10°

total cells from 72473 and AT2T3 mice with 2 x 10° BM cells from wild-type CD45.1 mice

13



were transplanted via the tail vein or orbital sinus into lethally irradiated (4.5 Gy x 2) CD45.1

recipients. At least 2 independent experiments were performed.

4.5 Cell viability assay

The cell lines established from 72473 and AT273 leukemic mice were treated with decitabine
(DAC) at various concentrations for 48 hours. The cell viability was measured by means of a
2-(2-methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium (WST-
8) assay using Cell Counting Kit-8 (Dojindo) following the manufacturer’s protocol on a

microplate reader (Varioskan Lux, ThermoFisher Scientific).

4.6  Whole exome sequencing

Genomic DNA was extracted from leukemic BM and the corresponding tail from each 72473,
AT2T3, and AT24T3 leukemic mouse by use of a DNeasy Blood & Tissue kit (Qiagen). Whole
exome sequencing (WES) was performed as previously described with help from Seishi Ogawa
at Kyoto University.>® DNA integrity number (DIN) of the genomic DNA of each sample was
checked using the Agilent Tapestation 2200. Libraries were prepared with SureSelect XT
Mouse All Exon V2 using SureSelect Low Input Reagent Kit (Agilent Technologies) and 200
ng of genomic DNA. The sequencing reads were mapped on GRCm38/mm10 by use of a
Burrows-Wheeler Aligner (BWA).>” Candidate variants were called by the Genomon2 Pipeline
(https://github.com/Genomon-Project/GenomonPipeline). Somatic mutations with (i) a Fisher
test value >4 and (ii) an Empirical Baysian (EB) call>4 were adopted and filtered by excluding
(i) synonymous single nucleotide variants (SNVs), (ii) variants only present in unidirectional
reads, (iii) variants located in intergenic, intronic, untranslated regions, and noncoding RNA
regions, and (iv) variants occurring in repetitive genomic regions. Candidate mutations were

examined by manual inspection with an Integrative Genomics Viewer (IGV) and confirmed by

14



Sanger sequencing using the primer sets listed in Table 3. In addition, I also applied Copywrite

R (version 2.16.0) to data from WES for detection of copy number variation.’®

Ccdcl91 Fwd

GCTCTCGCAAAGGAGCAAAC

Ccdl91c Rvs AGGGAACAGTGTACCTCTCCA
KIk8 Fwd AACTCTGCCTCTGTTCAGGGT
KIk8 Rvs GTCCCTGTTGTCCATGGTCTT
Ctnna2 Fwd GCGGTCTCACATACCCTGAT
Ctnna2 Rvs GCTGAACAAGTTGAGGTGGC
Tet3 (1) Fwd ACAAGGGTCATTGGCTCCAG

Tet3 (1) Rvs

CAGGTGGAACAGGAGCAGAG

Tet3 (2) Fwd GCTGGTAGGGTTGCCATACTT
Tet3 (2) Rvs TCTCTGCAGGTGATCCGAAG
Msn Fwd CCCCGGCTTCGGATTAACAA
Msn Rvs CTGGTGCTTCTCTTCCCGAG
Pdzrn4 Fwd GCATTGCATGATGGGGGATTC
Pdzrn4 Rvs TGCAGCTCTCTGCCGTATTG

Table 3. Primers for validation of somatic mutations by sanger sequencing.

4.7  Flow cytometric analysis

BM cells were harvested from femurs and tibiae of mice. Red blood cells were eliminated with
ammonium-chloride-potassium (ACK) buffer for 10 minutes at 4 degrees. Cells were washed
with 2% fetal bovine serum (FBS) in phosphate-buffered saline (PBS) twice. Cells were
incubated with lineage marker antibodies, including biotinylated anti-CD4 (RM4-5,
eBioscience), anti-CD8 (53-6.7, eBioscience), anti-B220 (RA3-6B2, eBioscience), anti-
Ter119 (TER-119, eBioscience), anti-CD127 (A7R34, Invitrogen) and anti-Gr-1 (RB6-8C5,
eBioscience), and then further incubated with phycoerythrin-Cy7 (PE-Cy7)-conjugated anti-
Sca-1 antibody (D7, eBioscience), phycoerythrin (PE)-conjugated anti-FcRy antibody (2.4G2,

eBioscience), fluorescein isothiocyanate (FITC)-conjugated anti-CD34 antibody (RAM34,

15



eBioscience), peridinin-chlorophyll-protein complex (PerCP)-conjugated anti-B220 (RA3-
6B2, eBioscience), and peridinin-chlorophyll-protein complex (PerCP)-conjugated
streptavidin. Multicolor flow cytometric analysis was performed on BD FACS Aria II (BD

Biosciences), and the obtained data were analyzed using FlowJo software (BD Biosciences).

4.8  Histopathologic examination

Peripheral blood cells were collected from the facial veins of leukemic mice. Peripheral blood
smears were prepared using cytospin (CF-12D AutoSmear, Sakura). Cells were stained with
Wright-Giemsa (Muto Pure Chemicals) for 2 min and then washed with distilled water and
dried in air. Cut sections of spleen were fixed with 10% formalin in 0.01 mol/L phosphate
buffer (pH 7.2) and embedded in paraffin. Sections were stained with hematoxylin and eosin
for histopathologic examination. Cell morphology was examined under a light microscope and

photographed using a Keyence BZ X710 microscope (Keyence Corporation).

4.9  Collection of peripheral blood, bone marrow, and spleen

For all experiments mentioned, mice were sacrificed when they appeared sick (indicated by
slow movements and weak reactions to external stimuli). Mice with white blood cell count
>200 X 10%ul and hemoglobin <10 g/dl were considered to be leukemic. Blood was collected
from the facial vein into an EDTA-coated Eppendorf tube, smeared onto a slide and air-dried
using the cytospin protocol. Automated peripheral blood counts were analyzed using a Celltac
o (MEK-6458, Nihon Kohden) according to the manufacturer's instruction. Tibiae, femurs, and
pelvises were obtained from mice after cervical dislocation. BM cells were collected by
flushing with phosphate-buffered saline (PBS) supplemented with 1% bovine serum albumin
(BSA) by use of a syringe. Whole spleens were collected from the mice after they were

sacrificed. Splenocytes were prepared by mincing the spleen on a 70-um cell strainer (BD
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Biosciences). Spleen cells were depleted of red blood cells by ACK buffer before flow

cytometry.

4.10 PCR for detection of wild-type Tet2 and Tet3 alleles

Genomic DNA was isolated using a QIAmp DNA Mini Kit (Qiagen) from the BM and tails of
leukemic mice. Twenty nanograms of DNA template was mixed with a 20-ul reaction mixture
containing 2 ul of 10X PCR buffer, 1.6 ul of dANTP, 1 ul of each primer, 0.1 ul of Taq
polymerase, and 12.3 ul of distilled water for detection of wild-type Tet2 allele. Polymerase
chain reaction for Tet2 was performed using Taq polymerase (Takara) under the following
conditions: (95°C: 1 min, [95°C: 30s; 58°C: 30s; 72°C: 30s] x 35 cycles, 72°C: 30s). Similarly,
20 ng of DNA template was mixed with a 24-ul reaction mixture containing 2.5 ul of 10X PCR
buffer, 2.5 ul of ANTP, 1.5 ul of MgSOs, 0.4 ul of each primer, 0.5 ul of KOD-plus-neo
polymerase, and 15.8 ul of distilled water for detection of wild-type Tet3 alleles. Polymerase
chain reaction for Tet3 was performed using KOD-plus-neo polymerase (Toyobo) under the
following conditions: (94°C: 2min, [98°C: 10s, 74°C: 30s] x 5 cycles; [98°C: 10s, 72°C: 30s] x
5 cycles; [98°C: 10s, 70°C: 30s] x 5 cycles; [98°C: 10s, 68°C: 30s] x 25 cycles). Primers used
are shown in Table 1. The resultant PCR products of BM were placed aside the corresponding
tail in 3% agarose gel to observe the status of wild-type alleles of Tet2 or Tet3. Samples

subjected to PCR are mentioned in Table 4.

4.11  Validation of somatic mutations

Candidate somatic mutations identified by exome sequencing were validated by Sanger
sequencing (Figure 14). Primers for the somatic mutations were identified using the UCSC
genome browser. Primers used are shown in Table 3. Twenty nanograms of genomic DNA

extracted from the BM and tails of leukemic mice were subjected to PCR using KOD plus neo
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(Toyobo) with these primers under the following conditions: ([94°C: 2 min; 98°C: 10s, 74°C:
30s] x 5 cycles; [98°C: 10s, 72°C: 30s] x 5 cycles; [98°C: 10s, 70°C: 30s] x 5 cycles; [98°C:
10s, 68°C: 30s] x 30 cycles; 68°C: 7 mins). Direct Sanger sequencing was performed with the
PCR product. Sanger sequencing was performed on a Genetic Analyzer (Applied Biosystems®
3130xl and 3500 Genetic Analyzer), and the variant sequences were analyzed using Genetyx
version 13.1.0 (Genetyx) and Chromas version 2.6.6 (Technelysium). Then, the sequence was

confirmed using the UCSC Genome Browser Blat tool.>

4.12  Statistical analysis

Results are expressed as mean + standard error of the mean. Significant differences between
the results were assessed by using an analysis of variance on Prism (GraphPad Software,
version 6). Probability values <.05 were considered significant. A log rank test was used for
survival curve analysis. Correlations of messenger RNA (mRNA) expression levels were

evaluated by calculating the Pearson correlation coefficient.

S. Results

5.1 Both 72473 and AT2T3 mice develop AML with longer latencies than those of
AT2AT3 mice

Mice with various degrees of deficiency of Tet2 and Tet3 were generated to investigate whether
and how insufficient levels of TET enzymes affect the development of leukemia:
Tet2" Tet3VWW"'Mx-Cre* (AT2), Tet2V™'Tet3"Mx-Cre* (AT3), Tet2™'Tet3™'Mx-Cre* (T2T3),
Tet2™'Tet3""Mx-Cre* (T24T3), Tet2"'Tet3™'Mx-Cre* (AT2T3), and Tet2"'Tet3""Mx-Cre*
(4724T3) mice. Sufficient excision of floxed alleles following pIpC injection was observed in
BM cells (Figure 3B). 472473 mice died after a median survival of 10.7 weeks (range, 5.42—

15.42 weeks; n = 41; Figure 4), an observation very similar to the one previously reported.*’
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In contrast, both 72473 and AT273 mice died after a longer median survival (27.2 and 28.0
weeks; range, 8.8-45.7 and 17.8-45.5 weeks; n = 51 and n = 47, respectively; p = 0.0001 for
both; Figure 4). Approximately half of the 472 mice died at 80 weeks from CMML-like disease,
as previously described in these mice,* whilst much smaller fractions of 473 (7%) and 7273
mice (12%) died at similar observation periods (Figure 4). A part of the aforementioned results
was produced by Koichiro Maie (a proportion of data of survival of 472473 mice) and
Masatomo Ishihara (a proportion of data of survival of AT2, AT3, T2AT3, AT2T3, and T2T3

mice) and were included in their theses. > >4

Kaplan-Meier survival curve
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Figure 4: Survival curves of mice with Tet insufficiency.

Kaplan-Meier survival curves of AT24T3 (MxI-Cre'Tet?”Tet3"; n = 47); T24T3 (MxI-
Cre+Tet2™Tet3"; n = 57); AT2T3 (Mx1-Cre+Tet2”Tet3"; n = 52); T2T3 (MxI-Cre* Tet2™ Tet3"; n =
38); AT2 (MxI-Cre+Tet?”"Tet3""™, n = 61); and AT3 (MxI-Cre'Tet2"""'Tet3”, n = 78) mice.
**FxEP < 0001, A part of the above results was produced by Koichiro Maie (survival of 472473 mice)
and Masatomo Ishihara (survival of AT2, AT3, T2AT3, AT2T3, and T2T3 mice). 53,54
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Marked peripheral blood leukocytosis, thrombocytopenia, and anemia accompanied by
massive splenomegaly were observed in all sacrificed 72473, AT2T3, and 472473 mice. These
findings and the blast-like morphology on microscopic observation suggested development of
acute leukemia (Figure 5A, 5B). Koichiro Maie produced a part of these results related to

AT2A4T3 mice and Masatomo Ishihara produced a part of these results related to control, 72473

: 53,54
and AT2T3 mice.”>
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Figure 5: Characteristics of leukemia in 72473, AT273, and AT2AT3 mice.

(A) WBC counts (i), hemoglobin levels (ii), and platelet counts (iii) of 72473 (n=18), AT273 (n = 10),
and AT2473 (n = 36) mice and of MxI-Cre Tet2f/fTet3f/w, Tet2f/wTet3f/f, or Tet2f/fTet3f/f mice
(Control; n = 14), and spleen weights (iv) of 72473 (n = 18), AT2T3 (n = 10), and AT24T3 (n = 24)
mice and of control mice (n = 14). (B) (i) Representative macroscopic photographs of spleen from
leukemic 72473, AT2T3, and AT2AT3 mice. (B) (ii) Representative microscopic photographs showing
obliteration of the normal spleen architecture in 72473, AT273, and AT2AT3 mice (hematoxylin and
eosin stain; original magnification x10). (B) (iii) Peripheral blood smear showing blast-like
morphology from representative 72473, AT2T3, and AT2AT3 mice (Wright Giemsa stain; original
magnification x40). *P < .05, **P < .01, ****P < ,0001. ns, not significant. Koichiro Maie and
Masatomo Ishihara included a part of the above results in their theses. ***

Leukemic BM in all 18 72473, 10 AT2T3, and 18 AT2AT3 mice showed c-Kit" cells
positive for CD16/32 and CD34 (Figure 6A), although there was also an increase in cells of
unknown origins expressing CD3 in peripheral blood of 3 of the 18 72473 and 2 of the 10
AT2T3 mice (Figure 6B). Therefore, despite the difference in latency, the majority of the 72473
and 47273 mice developed AML with a similar phenotype as that in all the 472473 mice. A
part of these data were included in doctoral dissertation by Koichiro Maie (472473) and
master’s thesis by Masatomo Ishihara (72473, AT2T3) >3-4 while a significant proportion of

the data was produced by me as shown in the Figure 6.
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Figure 6: Flow cytometry analysis of primary bone marrow cells.

(A) Flow cytometry analysis of BM from representative leukemic 472473, 72473, and AT2T3 mice
for c-Kit, Scal, CD16/32, and CD34. (B) CD3 cells seen in peripheral blood of some 72473 and 47273
mice. (ckit = marker for hematopoietic progenitors in the bone marrow, sca-1 = marker for hematopoitic
stem cell, CD16/23 = marker for B cells, monocytes/macrophages, granulocytes, CD34 = marker for
hematopoitic stem cells, CD3e = marker for T cells, CD4 = marker for T helper cells, CD8 = marker
for cytotoxic T cells.)
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I confirmed the penetrance of AML via transplantation of BM cells of leukemic 72473
and 47273 mice to irradiated congenic mice (Figures 7A, 7B). Results relevant to 472473

mice were included in Koichiro Maie’s doctoral dissertation. >3
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Figure 7: Bone marrow transplantation.

(A) Representative flow cytometric analysis of recipient BM cells after transplantation of 72473,
AT2T3, and AT24T3 leukemic BM cells. (B) Kaplan-Meier survival curves of Mx™ (n = 5), AT24T3
(Mx1-Cre* Tet2” Tet3"” n = 6); T2AT3 (Mx1-Cre* Tet2”™ Tet3"”, n = 6); AT2T3 (Mx1-Cre* Tet2” Tet3",
n="7) mice. ***P < (0.0005. Data relevant to 472473 mice were published in Koichiro Maie’s doctoral
dissertation. **
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Whole BM cells from 72473, AT2T3, and AT2AT3 mice with AML were easily propagated
in liquid culture supplemented with IL-3 for at least 3 months. The cell lines showed c-Kit"*
cells partially positive for CD16/32 and CD34 that were similar in characteristics to the primary
leukemic bone marrow cells (Figure 8). A part of data related to 472473 mice were included

in Koichiro Maie’s doctoral dissertation. >3
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Figure 8: Characterization of cell lines from different genotypes

Representative figure of cell lines established from 72473 (MxI1-Cre*Tet2™ Tet3"); AT2T3 (MxI-
Cre* Tet2” Tet3") and AT2AT3 (Mx1-Cre* Tet2” Tet3") mice showing characteristics similar to the
primary leukemic bone marrow cells.
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When treated with the hypomethylating agent (HMA) decitabine, cell growth was dose-
dependently inhibited in all AML cell lines examined (Figure 9). The sensitivity was similar
irrespective of the genotype of the mice from which the cell lines were derived (Figure 9).
Koichiro Maie produced the data relevant to to 472473 mice and included them in his

dissertation.>?
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Figure 9: Effects of hypomethylating agents in vitro.

Cell viability assay of representative 72473, AT2T3, and AT2AT3 leukemic cell lines under treatment
with decitabine (DAC) for 48 hours. Shown are representative results from 3 independent experiments.
Error bars are shown. Data relevant to 472473 mice were produced by Koichiro Maie. >

In summary, 72473 and AT273 mice with three-allele disruption in 7et2 and Tet3
developed AML, with significantly longer latencies than those with four-allele disruption.
AML cells arising from the three-allele disrupted 72473 and AT273 mice presented an
indistinguishable phenotype similar to the phenotype that developed in the four allele-disrupted

AT2AT3 mice.

25



5.2 Inactivation of the Tet2 or Tet3 non-targeted allele is a recurrent clonal event

Quantitative PCR of leukemic BM cells of 72473, AT2T3 and AT2AT3 mice was performed.
Leukemic cells from 72473 mice (n=7) and 472473 mice (n=7) demonstrated very low levels
of Tet2 (exon 10-11 region) expression (Figure 10A). The leukemic BM cells from 2 of the 4
AT2T3 mice showed low levels of Tet3 (exon 7-8 region) expression, similar to those in the
leukemic BM cells of the 472473 mice. The other two samples among the 47273 mice (#47

and #60) showed expression of Tet3 at a level similar to the control mice (Figure 10B).
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Figure 10: Quantitative real-time PCR (Q-PCR) analysis.

Q-PCR analysis of Tet2 (A) and Tet3 (B) transcript levels in leukemic BM cells from 72473 (n = 7),
AT2T3 (n = 4), and AT24T3 (n = 7) mice and in whole BM cells from Mx/-Cre  Tet?”Tet3",
Tet2™Tet3" or Tet?”Tet3" mice (Control; n = 4). The results are normalized to 18S rRNA and shown
relative to the levels seen in the control samples. The presence of residual 7et3 (exon 7—8 region)
transcript is denoted as #47 and #60. ****P < (0.0001.
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I prepared DNAs from the leukemic BM cells of the 72473 and 47273 mice and from
their respective tails and applied them to multiplex PCR to analyze the status of the Ter2 and
Tet3 alleles. All 9 72473 and 6 of the 8 A72T3 mice showed lack of amplification of the
sequences corresponding to the loxP-targeted regions: exon 11 of Tef2 and exons 8 and 9 of
Tet3, respectively whereas these exons were amplified in the tail DNAs (Figure 11). Exons 8

and 9 of Tet3 were amplified in 2 AML samples from 47273 mice (#47 and #60) (Figure 11B).

A
| Tail BM Tail BM Tail BM Tail BM Tail BM || Tail BM Tail BM Tail BM Tail BM |
flox
del
wild /' /' /' /' /' /' /' /' /'
61 64 68 26 3 12 56 14 260
T2AT3
B

|Tai| BM Tail BM Tail BM Tail BM Tail BM Tail BM Tail BM Tail BM

del
flox

e

52 86 25 15 59 6 47 60

AT2T3

Figure 11: Multiplex polymerase chain reaction (PCR) of leukemic BM with respective tails from
T24T3 and AT27T3 mice.

Multiplex PCR was performed for the regions spanning the /oxP sites on Tet2 (exon 11) and Tet3 (exons
8 and 9) in the BM and tail DNAs of 72473 (n=9) (A) and AT2T3 (n = 8) (B) mice respectively. Lack
of amplification of the Tet2? and Tet3 wild-type allele in BM from 72473 (n = 9) and AT273 (n = 6)
mice, respectively, is highlighted with red arrows. Amplification of the Ter3 wild-type allele in BM
from AT2T3 mice (n=2; #47 and #60) is highlighted with yellow arrows. flox, del, and wild: PCR
products representing floxed, deleted, and wild-type alleles, respectively.
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I further performed WES for DNAs from leukemic BM cells with their respective tail
DNAs from 72473 (n = 6), AT2T3 (n = 8), and 472473 (n = 4) mice (Table 4). I then applied
BWA alignment and Genomon?2 pipeline to the obtained data. The mean sequence depth for
all samples was 90X (Figure 12). I identified 10 non-silent somatic mutations in 9 genes in 9
leukemic BM samples from three-allele disrupted mice with AML (n = 14) (Table 5 and 6).
Seven of 10 mutations were analyzed and confirmed by Sanger sequencing (Figure 13 and 14).
I did not identify any somatic SNVs in the leukemic BM samples from four-allele disrupted
mice (n = 4) (Figure 13; Table 5). Surprisingly, recurrent mutations were found only in the
Tet3 gene in leukemic BM samples from 47273 mice (n=2; #47 and #60). These were stopgain
SNVs at exons 5 (#47) and 6 (#60). Both of these nonsense mutations resulted in loss of the

catalytic domain of Tet3 (Figure 13c; Table 6).

Sample | Genotype PCR WES
61 T2AT3 + +
64 T2AT3 + +
68 T2AT3 + +
26 T2AT3 + +

3 T2AT3 + +
12 T2AT3 + +
56 T2AT3 +
14 T2AT3 +

260 T2AT3 +
52 AT2T3 + +
86 AT2T3 + +
25 AT2T3 + +

15 AT2T3 + +
59 AT2T3 + +

6 AT2T3 + +
47 AT2T3 + +
60 AT2T3 + +

25A AT2AT3 + +
26A AT2AT3 + +
54A AT2AT3 + +
29A AT2AT3 + +

Table 4: Samples subjected to PCR and WES.
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Figure 12: Coverages of whole exome sequencing.
(A) The coverage of the targeted region is plotted for 18 paired samples (tail and BM); Y axis = sample,

X axis = ratio of coverage, 1= 100%. (B) The average depths of the 18 paired samples (tail and BM)
are shown.
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1D Genotype | Chromosome Gene VAF
BM 61 T2AT3 - - -
BM 64 T2AT3 - - -
BM 68 T2AT3 7 KIk8 0.458
BM 26 T2AT3 - - -
BM 3 T2AT3 5 Tmem132b 0.466
BM 12 T2AT3 X Msn 0.500
BM 47 AT2T3 6 Tet3 0.536
BM 52 AT2T3 6 Ctnna2 0.226
BM 86 AT2T3 16 Ccdcl191 0.271
BM 60 AT2T3 6 Tet3 0.455
BM 60 AT2T3 15 Pdzrn4 0.567
BM 25 AT2T3 5 Setdlb 0.466
BM 15 AT2T3 - - -
BM 59 AT2T3 - _ j
BM 6 AT2T3 9 Megfl1 0.513
BM 25A AT2AT3 R R _
BM 26A AT2AT3 R . _
BM 54A AT2AT3 - - _
BM 29A AT2AT3 - . _

Table 5: Mutations identified by WES
Red font indicates 7Tet3 genes identified on exome sequencing.
VAF, variant allele frequency.
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Figure 13: Whole exome sequencing (WES) of 72473, AT2T3, and AT2A4T3 mice.

(A) Variant allele frequency plot of mutations revealed by WES of paired tail and BM samples
from 72473, AT2T3, and AT2AT3 mice. Amplification of the Tet3 wild-type allele in BM
from AT2T3 mice (n = 2; #47 and #60) is highlighted with yellow arrows as shown in Figure 11. (B)
Validation of Tet3 mutations identified in WES by Sanger sequencing. (C) Position of 7et3 mutations
revealed by exome sequencing in samples #47 (R894X) and #60 (R941X) are shown in the Tet3 gene.
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Figure 14: Validation of mutations identified on whole exome sequencing by Sanger sequencing.
Candidate mutations found by whole exome sequencing (WES) were examined by Sanger sequencing
for DNAs of leukemic BM and tails as a reference. Change in the base is shown with alphabetical letters
in the color corresponding to the base sequence.
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When [ manually inspected the data from WES on IGV, I observed an absence of reads
on exon 11 of Tet2 in all the 72473 mice-derived AML samples (n = 6; Figure 15A), which
corresponded to the absence of amplification in PCR (Figure 11A). Similarly, the sequencing
reads of exons 8 and 9 of Tet3 were absent in 6 of the 8 AML samples from 47273 mice (n =
6) (Figure 15B), which also corresponded to their absence of amplification in PCR (Figure
17B). IGV inspection revealed reads of exons 8 and 9 of Tet3 in 2 samples from 47273 mice,
in which somatic Tet3 nonsense SNVs were identified (#47 and #60, Figure 15B). Copy
number analysis of the WES data did not detect deletion involving either Tet2 or Tet3 (Figure
16). It was concluded that inactivation of residual non-targeted alleles of Tez2 or Tet3 is an
extremely recurrent event that leads to AML development. Inactivation was due to loss of
exon(s) corresponding to the loxP-targeted regions in the non-targeted allele (in most of the
three allele-disrupted mice-derived AML) or due to loss-of-function 7et3 mutations (in 2

AT2T3 mice).

34



Figure 15: Graphical representation of exome sequencing of 72473 and AT273 mice on
Integrative Genomics Viewer (IGV).

IGV-inspected sequence reads of Tez2 locus in 72473 mice (A) and on Tet3 locus in 47273 mice (B)
are shown for BM (red) and tail (blue) DNAs. Note that the absence of reads is shown for exon 11 of
Tet2 in leukemic BM of 72473 mice (n = 6; A) and for exons 8 and 9 of Te?3 in leukemic BM of 72473
mice (n = 6; B). Reads were present in the BM of 2 72473 mice (#47 and #60). Probe tracks has been
shown to indicate position on the chromosome; bp = base pairs, k=1000.

35



68 BM vs 68 tail

20 kb bins mad = 0.807

log2value

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21

61 BM vs 61 tail mad = 0.7

20 kb bins

log2value

Figure 16: Copy number detection for exome sequencing data.
Representative figures of AT24T3, T24T3 and AT2T3 mice showing copy number variation. Figures
were generated after raw bam files from WES were applied to Copywrite R.
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5.3 Loss of wild-type Tet2 allele occurs before onset of full-blown AML development

To examine the deletion status of residual alleles during the time course of leukemia
development, I performed multiplex PCR of myeloid, B, and T cells sorted from peripheral
blood of 72473 mice (n = 2) at 10 weeks. I continued to follow the PCR results at regular
intervals of 8 weeks (Figure 17A). I also simultaneously performed flow cytometry for
peripheral blood cells of these mice and observed a gradual increase in of CD11b/Grl* fraction
(Figure 17B). I observed that at approximately 35 weeks of age, the wild-type Tet2 band
became invisible in the myeloid cells in these mice (Figure 17A). Mouse #10 showed WBC of
125 X 10%/ul and hemoglobin of 10.7 g/dl, and mouse #12 showed WBC of 282 X 10%/ul and
hemoglobin of 11.9 g/dl (Figure 17C). These blood parameters did not fulfil our definition of
leukemia (WBC >200 X 10%/ul and hemoglobin <10 g/dl) but they indicated progression
towards leukemia in these mice. It was concluded that loss of the remaining 7et2 and Tet3

allele is a relatively early event that eventually leads to full-blown leukemia.
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Figure 17: Follow ups to monitor loss of wild type 7Tez2 band in T2AT3 mice.

(A) Multiplex PCR of myeloid (m), B (b) and T (t) cells sorted from peripheral blood of T2AT3 mice
(n =2; #10 and #12) performed at 10, 19, 27 and 35 weeks of age. Loss of Tet2 wild-type allele is
shown by red arrows. (B) Flow cytometry analysis of peripheral blood of T2AT3 mice (n = 2; #10 and
#12) performed at 10, 19, 27 and 35 weeks of age. (C) Graphical representation of measurements of
white blood cells and hemoglobin of T2AT3 mice (n = 2; #10 and #12) at 10, 19, 27 and 35 weeks of
age.
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6. Discussion

In this study, the phenotypic and genotypic characterization of AML that developed in mice
with four-allele and three-allele disruption of 7et2 and Tet3 has been shown. The AML
phenotype seen in both three-allele and four-allele disrupted mice were very similar in terms
of cell surface antigen expression, penetrance of the diseases in the transplanted mice, and
response to an HMA in vitro. However, the latencies were significantly longer in the three-
allele deficient mice. This suggested the requirement of additional genetic events for leukemia
development in these mice. I demonstrated that inactivation of the functional 7et2 or Tet3 allele
was an extremely frequent event, as well as the only recurrent event, identified in AML cells
supported by PCR and WES. As a result, AML genotype that developed in the three-allele
disrupted mice closely resembled the genotype that developed in the four-allele disrupted mice.
This further supported the resemblance of the AML phenotype in both the three- and the four-
allele deficient mice.

As I did not observe any deletion of Tet2 or Tet3 in copy number analysis of the WES
data, I think that uniparental disomy (UPD) may cause duplication of the region deleted by the
loxP system, exon 11 of Tet2, and exons 8 and 9 of Tet3. It is known that TET2 abnormalities
in patients with hematologic malignancies are often biallelic, due to UPD, microdeletion plus
SNV, and heterozygous SNVs.3!1:36:39.60-63 Hence, the loss of the Ter2 allele that frequently
occurred in my mouse model is indeed not surprising. In AML patients, TET2 mutations are
often accompanied by other genetic mutations. However, concurrent identification of 7ET2
and TET3 mutations have been reported only in few cases.®* The data derived from the TCGA
dataset showed positive correlation between TET2 and TET3 mRNA expression levels. °* This
suggests that both TET2 and TET3 show low expression in a proportion of AML patients, which
may contribute to drive AML development as we observed in mice. The observed correlation

could be due to effect of TET2 and TET3 on each other. A study showed that TET2 and TET3
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had a combined requirement and overlapping roles in hematopoietic stem cell emergence and
regulation % and they may cooperate to inhibit abnormal hematopoiesis. Further studies are
necessary to understand how TET2 and TET3 closely work together in hematopoietic cells. The
mechanism of development of AML in three-allele knockout mice in my study and the positive
co-relation between mRNA expression of TET2 and TET3 from the TCGA dataset could
suggest an interesting relationship between TET3 expression and leukemia.

mRNA expression of 7et3 has been shown to decline with age in mouse hematopoietic
stem cells 43, as well as in human peripheral blood T cells. ** Studies have shown that potential
sources of TET3 epigenetic downregulation could be DNA hypermethylation and loss of DNA
hydroxymethylation, and reduction in activating histone marks that are associated with aging.
4366 Such changes are likely to be conducive to transformative changes leading to myeloid
leukemia. The effect of downregulation of TET3 on the development of AML with increasing
age needs to be further clarified and warrants further investigations.

As previously discussed, TET enzymes regulate the methylation status at the CpG sites
of genomic DNA, mainly at the gene body.%” In this regard, cytosine hypermethylation is seen
in BM cells of patients with myeloid malignancies with TET2 mutations.®® Similarly,
hypermethylation status has been reported in hematopoietic stem/progenitor cells (HSPC) of
mice with four-allele deficiency of Tet2 and Tet3 genes.* Taken together, they indicate that
the profound hypermethylation status induced by severe reduction of the enzymatic function
of TET2 and TET3 may lead to development of full-blown AML. This observation is also
strongly supported by the fact that no additional genetic mutations were identified in four-allele
deficient AML cells by whole exome sequencing. Some nonrecurrent mutations in three-allele
deficient mice, such as Set domain containing the 1b (Setdib), Catenin alpha 1 (Ctnnal),

Olfactory receptor (Olfrl52), Membrane organizing extension spike protein (Msn), and
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Multiple epidermal growth-factor like domains (Megf11), have been identified in human AML
cells and, thus, might have made contribution to an extent.’%6%-73

Hypomethylating agents, decitabine and azacitidine (which is metabolized into
decitabine intracellularly) inhibit DNA methyltransferases and decrease the methylation of
cytosine residues. Though these agents have been approved for the treatment of
myelodysplastic syndrome (MDS), their use in treatment of acute myeloid leukemia has been
mostly limited to combination with other drugs.”® Studies have reported varied overall response
rate; 55% with decitabine in MDS patients with mutated Ter2 77 and 82% with azacitidine in
MDS and AML with mutated Tet2.”® However, response of decitabine in AML patients with
Tet2 mutation has not been reported yet.

The findings of my study emphasize that the remaining intact Tet2 or Tet3 allele may
act as a sentinel to prevent HSC from AML progression. Some AML cells may indeed depend
on the hypermethylation status induced by severely reduced TET enzymatic activity. These

conditions could be explored as potential therapeutic targets by HMAs in future.
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7. Conclusion

My study concludes that Tet2/Tet3 three- and four-allele knockout mice developed AML with
similar phenotypic and genotypic features but with variable latencies. Three-allele disrupted
mice required additional secondary somatic mutations to progress to leukemia whereas four-
allele disrupted mice spontaneously developed leukemia within a short period. This suggests
that the residual Ter2/Tet3 allele plays an important role as a gatekeeper that prevents the

progression of leukemia.
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