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Abstract

DNA modifications are epigenetic marks deposited throughout the mammalian genome and play
an important role in gene regulation in normal and malignant biological processes. Biological
DNA modifications are introduced by DNA methyltransferases (DNMT) and dioxygenases of ten-
eleven translocation (TET) family. DNMT proteins can convert cytosine into 5-methylcytosine.
TET proteins catalyze the oxidation of 5mC to 5-hydroxymethylcytosine, 5-formylcytosine
and 5-carboxylcytosine. These oxidized forms of cytosine stay in the DNA or result in DNA
demethylation. TET2, a member of TET family proteins, is one of the most frequently mutated
genes in hematological malignancies. While TET2 has roles in normal hematopoiesis, including
stem cell self-renewal and specific lineage commitment, the exact molecular mechanism of its
function still remains unknown. The aims of the project are to identify the role of TET2 in
regulating hematopoietic gene expression and to identify the molecular partners of TET2 in the
hematopoietic-associated context, thus to arrive at the mechanism of action of TET2 in normal
hematopoiesis.

To study the Tet2 function in a hematopoietic context, I chose the mouse hematopoietic progenitor
cell line, HPC-7, as a model system. I constructed the Tet2-knock-out (KO) HPC-7 cell and
characterized the cell differentiation phenotype caused by Tet2 depletion. To understand the role
of Tet2 in gene regulation, I firstly identified genes affected by Tet2 depletion. Then I mapped
the Tet2 binding profile in HPC-7 and discovered genes directly targeted by Tet2. Finally, I
assessed the contribution of DNA demethylation in Tet2-mediated gene regulation. The results
revealed that Tet2 deficiency caused a block of cell differentiation in the Colony-forming-unit
assay. Genes involved in hematopoiesis were differentially expressed upon Tet2 deficiency.
Surprisingly, Tet2 binding is associated with both gene activation and gene repression. Tet2 binds
to the hematopoietic-enhancers together with many hematopoietic transcription factors, and leads
to DNA demethylation at enhancers, thus activates the expression of essential hematopoietic genes,
such as csf1R, Cebpa, Cebpe. The mechanism by which Tet2 negatively regulates its targeted
gene expression needs further investigation.

To identify Tet2 molecular partners in the hematopoietic-associated context, I mapped the TET2
interactome in HPC-7 cells by immunoprecipitation coupled to mass spectrometry. Our data
suggests that polycomb repressive complex 2 (PRC2) physically interacts with Tet2 via the C-
terminus of Tet2 protein. The functional importance of Tet2-PRC2 interaction in gene regulation
and cell differentiation remain further explored.

Taken together, this study systematically investigated the Tet2-mediated gene regulation and
identified new Tet2 binding partner, PRC2 complex, suggesting a novel mechanism of Tet2
function in hematopoiesis.
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This introduction provides a background about TET2 function in hematopoiesis and its

molecular mechanism in gene regulation. TET2 is a mammalian DNA modifying enzyme

that oxidizes 5mC into 5hmC, resulting in active DNA demethylation. TET2 is a known

tumor suppressor gene in human hematological disorders. Current studies about TET2

mainly focus on its enzymatic-activity dependent gene regulation mechanism and its

function in normal and malignant hematopoiesis. I will first start the introduction by a

brief description of the known DNA modifications in the vertebrate genome (chapter 1.1)

and explain the basic properties and biological significance of 5mC and 5hmC (chapter

1.2 and chapter 1.3). Next, I will focus on the key molecule studied in this thesis, TET2

protein, by a description of TET2 function in human hematopoietic disorders and mouse

hematopoiesis (chapter 1.4). Then I will introduce the current progress in understanding

of the molecular mechanisms of TET2-associated gene regulation. In the discussion

section, I will discuss the open questions in the field and explain how my interest in

understanding TET2 gene regulation process and in identifying hematopoietic-relevant

TET2 interactome are developed. And the final section will characterize the aims of this

study.

1.1 DNA modifications in vertebrates

DNA is the genetic material in all known cellular organisms. The information in DNA is

stored as a code made up of four types of nucleobases: guanine (G), adenine (A), cytosine

(C) and thymine (T). A number of chemically modified nucleobases have been observed

to occur naturally in the DNA in the living organisms (Figure 1.1). Methyl group can

be added to either the carbon-5 (Hotchkiss, 1948) or nitrogen-4 positions of cytosine

(Janulaitis et al., 1983), or the nitrogen-6 positions of adenine (Dunn and Smith, 1955).

5-methylcytosine (5mC) is the most common type of DNA modifications identified

naturally in the genome, whereas the other two modified bases were found absent
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or in low abundance in the eukaryotic genome (Liu et al., 2016; Ratel et al., 2006;

Xiao et al., 2018). In the past decade, other forms of cytosine modifications have

been identified in the mammalian genome including 5-hydroxymethylcytosine (5hmC)

(Kriaucionis and Heintz, 2009; Tahiliani et al., 2009), 5-formylcytosine (5fC), and 5-

carboxylcytosine (5caC) (He et al., 2011; Ito et al., 2011). Those novel cytosine modified

bases are derived from the oxidation of 5mC and serve as a mechanism for DNA cytosine

demethylation.

Figure 1.1: DNA modifications identified in living organisms. All modified bases with an
exception of N4-methylcytosine have been identified in the mammalian genomes.

Cytosine methylation is the most common type of DNA modifications and it has been

shown to play a variety of functions in different living organism. In bacteria, the

modifications are deposited at specific sites by diverse types of methyltransferases and

serve as a component of the restriction-modification (RM) system, which is used to
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defend the bacteria DNA against the phage invasion (Wilson and Murray, 1991). In

the RM system, one methyltransferase is usually paired with an associated restriction

endonuclease which cleaves the DNA at a specific sequence, only if it is not methylated.

The methylated bases in the bacteria genome can distinguish the host DNA from the

foreign DNA and prevent the host genome from restriction enzyme digestion. However,

eukaryotic organisms don’t have the RM system as those observed in bacteria for host

defense. DNA methylation in prokaryotes has also been proposed to play functions in

other biological processes including DNA repair, DNA replication and transcriptional

regulation (Palmer and Marinus, 1994).

In eukaryotic organisms, 5mC is the most abundant and well-studied DNA modification

and it is also the first eukaryotic modified base to be identified. In 1948, several years

before the discovery of DNA double helix structure, Hotchkiss observed a small and

distinct peak in addition to the four canonical nucleobases (A, G, C and T) in the calf

thymus DNA during the paper chromatography experiment. This material was originally

referred to as ’epicytosine’ since it has similar migration rate and absorption characteristics

as cytosine (Hotchkiss, 1948). 5mC is widely observed in most eukaryotic species

including fungi, plants and animals, despite it has been lost in some common model

organisms such as fission yeasts Schizosaccharomyces pombe, budding yeasts Saccha-

romyces cerevisiae, worm Caenorhabditis elegans, and fruit fly Drosophila melanogaster

(Raddatz et al., 2013; Zemach and Zilberman, 2010). 5mC is predominantly found at the

symmetrical CpG dinucleotides in vertebrate genomes except for CpG islands which

are GC-rich regions and are usually found in promoter regions of transcribed genes.

However, in invertebrate, plants and fungi show distribution of methylation in non-CG

context including CHH methylation (H = A, C, or T) and CHG methylation (Feng et al.,

2010; Suzuki and Bird, 2008; Zemach et al., 2010). Interestingly, vertebrate organisms

with CpG methylation undergo a global CpG depletion, where CpG is occurred only

around 20% of the expected frequency in the genome (Lander et al., 2001). This comes

as a cost of 5mC mutability (Cooper and Krawczak, 1989; Holliday and Grigg, 1993).

After spontaneous deamination, unmethylated cytosine is converted into uracil and gets

removed by the DNA repair machinery. Whereas 5mC gets deaminated to thymine, which
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leads to a C to T transition. This might explain the reduced CpG dinucleotides level in

the vertebrate genome.

The DNA modifications focused in this study are 5mC and its oxidized derivatives 5hmC,

5fC and 5caC. The following sections will explain the basics about those modifications

mainly in mammlian system.

1.2 5mC, the 5th base in the genome

5mC is the first modified base identified in eukaryotic organisms, known as the 5th base in

the genome in addition to the four standard nucleobases. 5mC is the most abundant DNA

modifications in mammalian genome. The establishment and maintenance of methylation

at carbon-5 cytosine is catalyzed by DNA methyltransferases (DNMT) family proteins.

5mC is usually deposited at CpG dinucleotides in genome and shows specific distribution

pattern among different tissues. 5mC is tightly related to gene regulation in many

physiological activities including normal developmental and malignant processes. In this

section, I will introduce the DNMTs-mediated 5mC formation and the distribution pattern

of 5mC in the genome and finally describe the known gene regulation activities of 5mC

in mammalian system.

1.2.1 DNMT family enzymes establish and maintain the DNA methy-
lation

There are six DNA methyltransferases (DNMT) family proteins identified in mammals,

which are grouped into three families encoded by different genes: DNMT1, DNMT2,

DNMT3(A/B/C/L). DNMT1, DNMT3A and DNMT3B are the major functional DNA

methyltransferases and ubiquitously expressed in cells and tissues (Bestor et al., 1988;

Okano et al., 1998). All three DNMT proteins have a similar methyltransferase domain

in the C-terminus. The catalytic domain harbors 10 sequence motifs which are conserved

within the bacteria cytosine-5 methyltransferases, and add the methyl group from S-

adenosyl-L-methionine (SAM) to the carbon-5 position in the cytosine (Goll and Bestor,

2005; Lauster et al., 1989; Pósfai et al., 1989). The N-terminus of the three DNMT

proteins is less conserved, which leads to the divergence of their methylation activity.
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DNMT3C is a newly identified active methyltransferase only in rodent organisms.

DNMT3C is derived from DNMT3B gene duplication and is responsible for methylating

the young retrotransposons in male germ line (Barau et al., 2016). DNMT3L is a homo-

logue to DNMT3A and DNMT3B, but it lacks the methyltransferase domain. DNMT3L

has restricted function in germ cells and serve as a DNMT3A/3B cofactor (Bourc’his et al.,

2001). Although DNMT2 is the most widely-distributed DNMT enzymes in living

organisms and has an intact catalytic domain, little evidence has been shown on its

methylation activity on DNA (Goll and Bestor, 2005). Instead, the Bestor group showed

that DNMT2 enzyme is actually a RNA methyltransferase which methylates the aspartic

acid transfer RNA (tRNAAsp) (Goll et al., 2006).

DNMT1 is the first eukaryotic DNMT protein to be identified (Bestor et al., 1988).

DNMT1 is known as a maintenance DNA methyltransferase to enable the inheritability

of DNA modifications upon DNA replication. This depends on the DNMT1 substrate

preference for hemimethylated DNA and its protein interactions with DNA-replication

related factors (Yoder et al., 1997a). Structure analysis on DNMT1-DNA complex

revealed an autoinhibitory regulation of DNMT1 at unmethylated CpG sites on DNA,

DNMT1 CXXC domain specifically binds the unmethylated DNA and exclude the

unmodified DNA from the DNMT1 active site to inhibit the de novo DNA methylation

(Song et al., 2011b). Hemimethylated DNA is usually formed during DNA replication

where the parental strand is methylated and the daughter strand is not. UHRF1 (ubiquitin-

like, containing PHD and RING finger domains 1, also known as NP95 in mouse)

preferentially binds to the hemimethylated DNA by its SRA (SET and RING associated)

domain and recruits DNMT1 to replication fork to maintain the DNA methylation

during DNA replication (Bostick et al., 2007). Dnmt1 depletion in mice is embryonic

lethal. Dnmt1 homozygous mutant mouse embryos fail to develop at mid-gestation stage.

(Li et al., 1992).

DNMT3A and DNMT3B are de novo DNA methyltransferases which catalyze the

methylation at unmethylated cytosines. De novo methylation activities were examined

by introducing the retroviral DNA into the embryonic stem (ES) cells. Retrovirus DNA
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was methylated in either Dnmt3a or Dnmt3b single mutant cells, but not methylated

in double mutant cells (Okano et al., 1999). Re-expression of Dnmt3a in Dnmt3a or

Dnmt3b null cells restore the wildtype methylation level, which further confirmed the

role of DNMT3 proteins in de novo DNA methylation (Chen et al., 2003a). Dnmt3a null

mice are normal at birth but die around 4 weeks after birth. Dnmt3b null mice are not

viable and die of developmental defects (Okano et al., 1999). These results indicate the

important functions of de novo DNA methylation in normal developmental processes and

the divergences of the two DNMT3 proteins in regulating cellular activities.

1.2.2 Genomic distribution of DNA methylation

The exploration in understanding of the genomic distributions of 5mC starts from the early

studies using methylation-sensitive restriction enzyme HpaII (recognition site CCGG and

can not cut methylated CpG) to digestion genomic DNA (Bird et al., 1985; Cooper et al.,

1983). A discrete fraction of small DNA fragments were remained after HpaII digestion,

suggesting the existence of genomic regions with high density of unmethylated CpG

sites (Cooper et al., 1983). These unmethylated CpG-rich genomic regions accounts for

less than 2% of the genome and are named as CpG islands (Bird et al., 1985). CpG

islands are around 1 kb in length and overlap with promoter regions of 60-70% of all

human genes including nearly all ubiquitously active genes (housekeeping genes) and

40% of the tissue-restricted expressing genes (Illingworth and Bird, 2009; Landolin et al.,

2010). CpG islands are rarely methylated and are usually marked with histone H3 lysine

4 trimethylation (H3K4me3) in actively transcribed gene promoters, where H3K4me3

prevents the binding of DNMT3A and DNMT3B to chromatin and thus affect the de novo

DNA methylation (Mikkelsen et al., 2007; Otani et al., 2009). CpG island promoters of

non-transcribed genes are usually repressed by Polycomb proteins and characterized by

the colocalization of histone H3 lysine 27 trimethylation (H3K27me3) (Mikkelsen et al.,

2007; Taberlay et al., 2011). CpG island methylation at gene promoters is usually required

for the long-term gene repression such as genes involved in X chromosome inactivation,

maternal imprinting and germline-specific genes.
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The advances of genome-wide 5mC mapping methods have greatly facilitated our

understanding towards the distribution and function of 5mC in the genome. Current

gold standard of 5mC mapping method is whole-genome bisulfite sequencing (WGBS)

which provides the single base-resolution locations of the modified base in the genome

(Lister et al., 2009). This method utilizes sodium bisulphite to convert unmethylated

cytosines to uracils, whereas 5mC remains unchanged. After polymerase chain reaction

(PCR) amplification, unmethylated cytosine is read as thymine by sequencing, 5mC is

amplified as cytosine. Reduced Representation Bisulfite Sequencing (RRBS) is another

bisulfite conversion-based method to map DNA methylation level but with less sequencing

cost (Meissner et al., 2005). RRBS includes the specific restriction digestion and size

selection steps to enrich the CpG dinucleotide-containing DNA fragments before bisulfite

conversion which greatly saves the numbers of reads required for sequencing and reduces

the cost dramatically. Although RRBS has the limitation in examining the whole genome-

wide methylation level, it can capture nearly 80% of human CpG islands and 50% of

gene promoters (Gu et al., 2011a). However, the bisulfite conversion-based methods have

some drawbacks which might have to be considered during the application. Bisulfite

conversion can not distinguish 5mC and 5hmC since they are both unconverted and are

read as cytosine by sequencing. Bisulfite treatment itself is a harsh reaction and can

degrade the DNA samples, which might limit its use on low-input material. On the

other hand, 5mC is relatively low-abundance (5% of total C) in the genome, so that the

converted DNA has reduced sequence complexity since most of the cytosine (unmodified)

are converted to uracils and only few cytosines (5mC and 5hmC) remain in the genome,

this could cause issues in sequencing quality and genome coverage. A recently developed

whole genome-wide 5mC mapping method, TET-assisted pyridine borane sequencing

(TAPS), has been designed to overcome those problems by replacing sodium bisulfite

with a milder chemical, pyridine borane (Liu et al., 2019b). In this method, only the

modified cytosine bases were converted to thymine, and the unmodified cytosine remain

unchanged.

Facilitated by the WGBS approach, unexpectedly, Lister and colleagues observed the

abundant DNA methylation in non-CG contexts (mCHG and mCHH, H = A, C or T) in
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human embryonic stem cells H1 cells and this consists of nearly 25% of all methylated

cytosines (Lister et al., 2009). The non-CG methylation is suggested to be present as a

characteristic of the embryonic stem cell. mCG showed less distribution at CpG islands

and TSS, followed by an increase in the 5’ UTR and exhibited a similar level in exons,

introns and the 3’ UTR. Similarly, CHG and CHH methylation also showed the decreased

density at the TSS and returned to the same level as the 2 Kb upstream the TSS at the

end of the 5’ UTR. However, the non-CG methylation density at exons, introns and 3’

UTRs were two fold higher than the 2 Kb upstream. Gene ontology analysis revealed

genes enriched with non-CG methylation were associated with RNA processing, RNA

splicing, and RNA metabolic processes, suggesting a specific role of non-CG methylation

in RNA-related biological processes.

In addition to the gene repression function of DNA methylation at CG-promoter, CG

methylation in gene exons could result in C (cytosine) to T (thymidine) transition mu-

tations, which promote cancer-causing mutation formation (Rideout et al., 1990). DNA

methylation at gene body has been linked to active transcription. This is supported by the

observation of the gene body–specific DNA methylation on the active X chromosome

(Hellman and Chess, 2007; Wolf et al., 1984). DNA methylation at enhancer is beginning

to gain more focus. The relationship between DNA methylation and enhancer was initially

studied in the mouse methylomes mapping in stem cells and neuronal progenitors by

Stadler and colleagues. (Stadler et al., 2011). Enhancers were found enriched in the

low-methylated regions (LMRs) identified in the study and exhibited a dynamic state

during cell differentiation. DNA methylation at enhancer regions was suggested to impair

the enhancer activity, this is supported by the study on the binding of the glucocorticoid

receptor (GR) to distal regulatory elements. (Wiench et al., 2011). GR-bound distal

elements were characterized by low CpG density, and showed rapid DNA methylation

changes upon glucocorticoids induction. More importantly, DNA methylation was shown

to negatively affect GR-DNA interactions in vitro.
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1.2.3 5mC as a repressive mark

5mC is known to be involved in gene silencing of the following cellular processes :

X-chromosome inactivation, gene imprinting, and transposons regulation.

X-chromosome inactivation: X chromosome inactivation (XCI) is the process by which

female mammalian cells randomly inactivate one of the two X chromosomes, to balance

the gene dosage between XX females and XY males (Lyon, 1961). The establishment

and maintenance of gene silencing is under control of the master regulator, X inactivate

specific transcript (Xist) (Brockdorff et al., 1991; Brown et al., 1991). Xist is a long

non-coding RNA (lncRNA) that coats the inactivated X chromosome and recruits the

Polycomb protein complex for gene silencing (Brockdorff, 2011). DNA methylation is

thought to be involved in the late stage of the XCI and provides a locking mechanism for

the long-term gene repression (Gendrel et al., 2012; Lock et al., 1987; Sado et al., 2004).

Evidence supporting this comes from a previous study on mouse Hprt gene in which the

DNA methylation is shown to occur specifically at gene loci on inactivated X chromosome

after XCI (Lock et al., 1987). Studies on Dnmt1-deficient mouse embryonic stem cells

(ESCs) and mouse embryos suggest the maintenance DNA methylation is dispensable

for the establishment of XCI but is required for the stable repression of Xist promoter

on active X chromosome in differentiated cells (Beard et al., 1995; Panning and Jaenisch,

1996). The contribution of de novo DNA methylation was assessed by a recent study

on Dnmt-deficient mice (Gendrel et al., 2012). DNMT3b was identified as the key de

novo DNA methyltransferase involved in the XCI CpG island methylation, since little

changes in XCI DNA methylation was observed in neither Dnmt3a-null nor Dnmt3L-null

XX embryos .

Genomic imprinting: Genomic imprinting is a mammalian phenomenon that a subset

of genes (referred to as imprinted genes) in the diploid cells restrict its expression to only

one parental copy and silence the inactivated copy by DNA methylation. This mono-

allelic and parental-specific gene expression which is established in gamete formations

behave stable and inheritable after fertilization where there is a global DNA methylation

reprogramming event. Imprinted genes are mostly distributed in clusters where 3-12
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imprinted genes are under control of the same genomic region called imprinting control

region (ICR). Notably, 5mC is a heritable epigenetic mark and can be transmitted after

embryogenesis by maintenance enzymes (Barlow and Bartolomei, 2014)

A typical example of DNA methylation in genomic imprinting is the Igf2(Insulin-

like growth factor type 2)-H19 cluster. Igf2 is a paternally expressed imprinted gene

(DeChiara et al., 1991; Ferguson-Smith et al., 1991) whereas H19 gene encodes a long

non-coding RNA (lncRNA) and is a maternally expressed imprinted gene (Bartolomei et al.,

1991). Igf2 is located at the upstream of H19 and utilizes the enhancer downstream of

H19. The ICR which sits between Igf2 and H19 is bound by CCCTC-binding Factor

(CTCF) only if the ICR is not methylated. On the maternal allele, CTCF binds to the

unmethylated ICR and blocks the activation by H19 enhancer on Igf2. H19 is expressed

as normal. On the paternal allele, the blocking activity of CTCF binding is abolished by

ICR methylation, so that Igf2 is activated by H19 enhancer, H19 expression is turned off

due to the spread of methylation from the ICR. (Bell and Felsenfeld, 2000; Hark et al.,

2000). Furthermore, the methyl CpG-binding domain (MBD) protein, MeCP2, is shown

to be recruited to the H19 ICR and silences the paternal H19 allele together with histone

deacetylase activity (Drewell, 2002).

Retrotransposons elements repression: Transposable elements, which take up ∼70%

of the human genome (de Koning et al., 2011), are the main targets of DNA methylation.

DNA methylation at gene promoters provides an important mechanism for transposable

element silencing and reduces the mobility of those movable elements. Intracisternal

A particle (IAP) retroviruses are the most active transposons in mouse genome. IAP

retroviruses are usually transcriptionally silenced and heavily methylated in somatic tissue.

IAP was derepressed and highly active in Dnmt1 knock-out mouse embryos (Walsh et al.,

1998). Mouse studies revealed that DNMT3L and DNMT3C were both required for

the de novo methylation of IAP in male germ cells (Barau et al., 2016; Bourc’his et al.,

2001).
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1.3 5hmC, the 6th base in the genome

5hmC is another stable modified base identified in the mammalian genome. The discovery

of TET enzymes link the biogenesis of 5hmC to 5mC oxidation. TET-mediated 5mC

oxidation offers a new mechanism for the active DNA demethylation. In this section, I

will firstly introduce the basics about TETs protein and its 5mC oxidation activity. Second,

I will explain the current understanding of active and passive DNA demethylation. Then

I will summarize the current methods for genome-wide 5hmC mapping. Finally, I

will discuss the role of 5mC oxidation derivatives beyond as the DNA demethylation

intermediates.

1.3.1 TET family enzymes catalyze the 5mC oxidation

5hmC was first discovered in T-even bacteriophages in 1953 (Wyatt and Cohen, 1953),

the proof of its existence in mammalian genome came in nearly five decades later.

In 2009, two independent groups observed the natural occurrence of 5hmC in mouse

Purkinje neurons (Kriaucionis and Heintz, 2009) and in mouse embryonic stem cells

(Tahiliani et al., 2009) respectively. In the meantime, ten-eleven translocation (TET)

faimly proteins were identified as the enzymes responsible for the 5hmC formation

through 5mC oxidation (Tahiliani et al., 2009).

The name of TET proteins is derived from its initial discovery as a MLL gene fu-

sion partner in acute myeloid leukemia containing the t(10;11)(q22;q23) translocation

(Lorsbach et al., 2003; Ono et al., 2002). The identification of TET enzymatic activity

comes from the computational screens to search for the mammalian homologues of

Trypanosome base J binding proteins (JBP) (Iyer et al., 2009). JBP proteins oxidize the

methyl group of thymine to 5-hydroxymethyluracil, an intermediate for the production

of base J (Borst and Sabatini, 2008). TET proteins were found to utilize 5mC as the

oxidation substrate to form 5hmC. The oxidation reaction requires 2-oxoglutarate and

Fe(II) as cofactors. Later studies revealed that TET proteins can further oxidize 5hmC to

5fC and 5caC in vivo (He et al., 2011; Ito et al., 2011) (Figure 1.2).



1. Introduction 13

Figure 1.2: TET-catalyzed 5mC oxidation. DNMT, DNA methyltransferase. TET, ten-eleven
translocation proteins. Numbers indicate the DNA modifications abundance relative to total
amount of cytosine in mouse embryonic stem cells.

The three mammalian TET proteins, TET1, TET2 and TET3, belong to the 2-oxoglutarate-

and Fe(II)-dependent oxygenase superfamily (Tahiliani et al., 2009). All members of the

TET proteins have been shown to have the 5mC oxidation abilities (Ito et al., 2011). All

TET proteins share a conserved structure in their C-terminus catalytic domain (Figure 1.3),

which consists of a conserved double-stranded beta-helix (DSBH) domain, a cysteine-

rich (Cys-rich) domain and the binding sites for its cofactors Fe(II) and 2-oxoglutarate

(2-OG) (Pastor et al., 2013). Both TET full-length and C-terminus catalytic domain (CD)

truncated proteins can catalyze the 5mC oxidation but it is suggested that the full-length

protein is more enzymatically active than the CD protein (He et al., 2011; Hu et al., 2013).

The unique cysteine-rich domain distinguishes TET proteins from the rest of TET-JBP

dioxygenases proteins, and the Cys-rich domain together with DSBH domain are required

for the integrity of catalytic activity of TET proteins. Crystal structure analysis shows

that TET2 catalytic domain preferentially binds the methylated cytosine in a CpG context

(Hu et al., 2013) and TET2 is less active on 5hmC-DNA and 5fC-DNA than on 5mC-

DNA substrates (Hu et al., 2015), which suggests that 5hmC has the potential to be a

stable epigenetic mark on the genome. Structure analysis also shows that the methyl-

group of 5mC is not involved in DNA-TET interaction which provides an insight for the

observation that TET proteins could further oxidize 5hmC into 5fC and 5caC (Hu et al.,

2013).

TET1 and TET3 both have a N-terminus CXXC DNA binding domain which is responsi-

ble for the the recruitment of TET proteins to specific genomic regions. CXXC domain

is present in many chromatin modifiers such as DNMT1, CFP1 (CXXC finger protein

1), MLL (mixed lineage leukaemia protein) and KDMA (Lys-specific demethylase)
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Figure 1.3: Domain structure of Tet proteins. Schematic representation of murine Tet family
proteins. The C-terminal catalytic domain conserved in all Tet proteins consists of a cysteine-rich
(Cys-rich) domain, the double-stranded beta-helix (DSBH) domain, and the binding sites for Tets
cofactors, the Fe(II) and 2-OG. Tet1 and Tet3 have the CXXC domain at their N terminus. The
numbers indicate the location of the functional domain.

family proteins and these CXXC domains specifically bind the unmethylated CpG. The

CXXC domain of TET1 and TET3 have a truncated linker region and a differnt DNA-

binding loop, which differ them from other known CXXC domains (Long et al., 2013).

In vitro assays show different conclusions on TET1 CXXC DNA binding ability. TET1

CXXC domain is reported to have no DNA binding activity (Frauer et al., 2011) or it

prefers to bind CpG DNA without preference for unmodified or modified DNA substrates

(Xu et al., 2011b; Zhang et al., 2010). Genome-wide analysis revealed that TET1 prefer

to bind CpG-rich regions and localize at transcription start sites (TSS) of CpG-rich

promoters (Williams et al., 2011; Xu et al., 2011b). TET3 CXXC domain is observed

to bind both non-CpG (CpA, CpT, CpC) and CpG DNA with a slight preference for

CpG DNA in the in vitro assay. Genome-wide analysis indicates that the TET3 CXXC

domain can bind the unmodified C regardless of the consideration if the following base is

guanine (Xu et al., 2012). TET2 CXXC domain was separated from TET2 gene which

underwent chromosomal inversion during the evolution, and become an independent

gene called IDAX (CXX4) (Ko et al., 2013). IDAX preferentially binds unmethylated

CpG in vitro, and localizes at CpG islands and CpG-rich promoters in genomic DNA.

IDAX physically interacts with the catalytic domain of TET2 protein and recruits TET2

to DNA. Interestingly, The recruitment of TET2 by IDAX leads to a caspase-dependent
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TET2 protein degradation and IDAX is a negative regulator of TET2 enzymatic activity.

The negative regulation of CXXC domain on TET activity is also observed in TET3

protein but not TET1. TET3 CXXC activates the caspase pathway after TET3 protein

gets recruited to DNA by CXXC domain, resulting in the down-regulation of protein

level. However, IDAX and TET2 are not always expressed in the same cell, such as the

293 T cells which is used for the original IDAX-TET2 protein interaction identification.

So that the mechanisms for TET2 genomic recruitment remain still unclear.

1.3.2 Active and passive DNA demethylation

Although DNA methylation is a stable and inheritable epigenetic mark, 5mC can undergo

genome-wide dynamic changes during early developmental stages. Global loss of 5mC is

observed in pre-implantation embryos and developing primordial germ cells (PGCs), and

global gain of 5mC occurs in post-implantation embryonic stage (Hajkova et al., 2002;

Hill et al., 2014; Luo et al., 2018; Mayer et al., 2000; Oswald et al., 2000). Global DNA

demethylation is important for the establishment of pluripotency and gene imprinting

in developing embryos and for removing parental-inherited gene imprints in developing

PGCs (Luo et al., 2018). Two types of mechanisms, passive DNA demethylation (Figure

1.4A) and active DNA demethylation (Figure 1.4B), are proposed to be responsible for

the removal of methyl group in cytosine.

Passive DNA demethylation refers to the replication-dependent 5mC dilution upon

the lack of the maintenance of the DNA methylation (Figure 1.4A). During DNA

replication, the maintenance DNA methyltransferase DNMT1 in co-operation with

UHRF1 establishes cytosine methylation at newly synthesized DNA strand to restore the

symmetrical CpG DNA methylation pattern (Bostick et al., 2007). An example of passive

DNA demethylation is the gradual loss of 5mC in the zygotic maternal genome after

several cleavage divisions in the early preimplantation embryogenesis (Mayer et al., 2000;

Oswald et al., 2000). Later studies revealed an inefficient maintenance of methylation

in the maternal DNA due the absence of Dnmt1 (Howell et al., 2001). Instead, mouse

oocytes and pre-implantation embryos express a DNMT1 splicing variant, DNMT1o.

Unlike DNMT1 which is exclusively nuclear in the cell, DNMTo is largely localized in



1. Introduction 16

Figure 1.4: Active and passive DNA demethylation. (A) Two types of passive DNA demethy-
lation pathways. DNMT1 is recruited by Uhrf1 to the hemi-methylated DNA and is responsible
for the methylation maintenance during DNA replication. Loss of DNMT1 activity results in 5mC
dilution during DNA replication , eventually leading to DNA demethylation. On the other hand,
TETs oxidize the 5mC into 5hmC. 5hmC inhibits the methylation maintenance, thus results in
5hmC dilution during DNA replication, eventually leading to DNA demethylation. Black dot,
5mC; gray dot, 5hmC; white dot: C. (B) Cytosine is methylated by DNMTs. The methylated
cytosine (5mC) can be oxidized by TETs into 5hmC, and further converted to 5fC and 5caC. The
latter two modified bases are removed from the DNA via TDG glycosylase-BER repair pathway.

cytoplasma in the oocyte and pre-implantation embryos. As a result, 5mC on the maternal

genome is diluted out through the passive replication-dependent manner. Moreover,



1. Introduction 17

5hmC which is derived from TET-mediated 5mC oxidation can interfere the passive DNA

demethylation by inhibiting the DNMT1 enzymatic activity. In vitro assay shows that

DNMT1 has less efficiency in methylating the 5hmC-containing DNA (5hmCG:GC)

than hemi-methylated DNA (5mCG:GC), which results in a replication-dependent 5hmC

dilution and facilitates the passive DNA demethylation (Valinluck and Sowers, 2007).

However, in mammals, the loss of 5mC in paternal genome of the early zygote is a

rapid process and occur just a few hours after fertilisation, before the onset of the DNA

replication (Mayer et al., 2000; Oswald et al., 2000) Similarly, PGCs in both male and

female embryos undergo a rapid erasure of DNA methylation following their entry into

the genital ridge (Hajkova et al., 2002). An replication-independent DNA demethylation

mechanism is proposed to exist with the consideration of the kinetics of the rapid global

5mC loss in both developmental processes.

The discovery of TET proteins, 5hmC and its oxidation derivatives uncovered the process

of enzyme-involved active DNA demethylation in mammalian genome (He et al., 2011;

Ito et al., 2011; Kriaucionis and Heintz, 2009; Tahiliani et al., 2009) (Figure 1.4B). All

three TET proteins, TET1, TET2 and TET3 can catalyze the oxidation of 5mC into

5hmC, and further oxidize 5hmC into 5fC and 5caC, the latter two modified bases can be

recognized and get excised by TDG (thymine-DNA-glycosylase). The resultant abasic

site is replaced by unmodified cytosine through the BER (base excision repair) pathway

(He et al., 2011; Maiti and Drohat, 2011; Weber et al., 2016), thus eventually leading to a

replication-independent active DNA demethylation. Tet1 and Tet2 are responsible for the

germline DNA methylation reprogramming during embryogenesis (Hackett et al., 2013;

Vincent et al., 2013. Tet3-mediated 5mC oxidation is shown to be responsible for the

rapid 5mC loss in paternal genome in the early pre-implanted embryos (Gu et al., 2011b),

whereas, maternal genome is protected from the active DNA demethylation by Stella

(also known as Dppa3) protein (Nakamura et al., 2007). Both passive and active DNA

methylation can exist and function together in the same physiological scenario, such as,

in mouse early developing embryos, although passive demethylation is thought to be

the dominant mechanism for the maternal genome DNA reprogramming, recent studies

observed 5hmC, 5fC and 5caC in both paternal and maternal DNA in the mouse zygote
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just following the fertilisation, which suggests that Tet3-related active demethylation

could also contribute to the global 5mC changes in the maternal genome (Guo et al.,

2014a; Shen et al., 2014; Wang et al., 2014).

1.3.3 Genomic distribution of 5hmC and its derivatives

To gain a better understanding of the biological functions of 5hmC and its oxidized deriva-

tives, many studies have been focused on the characterization of the tissue distribution,

genomic localization and dynamic changes of those oxidized bases.

Global abundance of 5hmC

In contrast with 5mC, 5hmC shows a tissue-specific distribution pattern and is present in

a variety of tissues (1%–5% of 5mC) with the highest levels identified in brain neuronal

cells (10%–40% of 5mC) (Globisch et al., 2010; Kriaucionis and Heintz, 2009). 5hmC

is widely observed in all brain regions with a range of distribution at 0.3%-0.7% of all

dC (5mC: 3%-5% of all dC). The highest 5hmC levels are found in hippocampus and

cortex, which are the brain areas for higher cognitive functions (Kriaucionis and Heintz,

2009; Münzel et al., 2010). Notably, 5hmC is nearly 40% of 5mC in Purkinje cell DNA

(Kriaucionis and Heintz, 2009). 5hmC distribution is thought to be determined by cell

proliferation rate (Bachman et al., 2014). 5hmC is usually abundant in differentiated,

non-proliferating cells such as brain neuronal cells, and is low in high-proliferative tissues,

such as spleen and thymus (Bachman et al., 2014; Globisch et al., 2010). Although 5hmC

abundance is just around 5% of 5mC levels in mouse ESCs, considering the cell fast-

dividing speed, 5hmC is still highly produced in mESCs (Ito et al., 2011; Tahiliani et al.,

2009). Quantitative mass spectrometry analysis shows that 5fC and 5caC can exist in

a variety of tissues in mice with the highest level observed in brain tissue. 5fC also

shows a tissue-specific distribution pattern and is more abundant in slow-proliferating

tissue (Bachman et al., 2015; Ito et al., 2011). In mouse ESCs, 5fC is ∼ 0.03% of 5mC

and 5caC is even more rarely observed and is around ∼ 0.01% of 5mC (Ito et al., 2011;

Pfaffeneder et al., 2011). In vitro biochemical and biophysical analysis indicate that TET

proteins prefer to utilize 5mC-containg DNA as oxidation substrates than to oxidize
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5hmC or 5fC (Hu et al., 2015; Ito et al., 2011), which might explain why there are more

5hmC deposited in the genome. Moreover, 5fC and 5caC are recognized and removed by

TDG-BER pathway to achieve active DNA demethylation, which further explain their

low frequency observed in cells. There is no clear correlation among the levels of 5hmC,

5fC and 5caC in cells since although mouse ESCs has less 5hmC (6-folds) than brain

cortex, 5fC is more enriched in mESCs (Ito et al., 2011).

Genome-wide distribution of 5hmC and its derivatives

Genome-wide mapping methods: There are mainly two types of modified base mapping

methods frequently used in most studies. One is based on the enrichment of modified

bases by either using the modification-specific antibody (hMeDIP-seq, hydroxymethylated

DNA immunoprecipitation-sequencing) or chemical conversion to facilitate the enrich-

ment (hMe-Seal, CMS-seq) (Ficz et al., 2011; Pastor et al., 2011; Song et al., 2011a;

Wu et al., 2011a). However, a recent study has revealed a problem while using the

immunoprecipitation based method. Lentini and colleagues observed the enrichment

of short tandem repeats (STRs) by the the antibody IgG non-specific binding during

the immunoprecipitation, and surprisingly, STRs could account for nearly 50%-99%of

enriched regions in 5mC DIP studies. (Lentini et al., 2018). In addition, DIP-seq methods

also have limitations in identifying the exact location of the modified sites and the

abundance of the DNA modifications. The development of bisulfite-sequencing (BS-

seq)-based method provides a single base-resolution analysis of the modified sites in

genome. One of the drawback of BS-seq is that it can not distinguish 5mC and 5hmC

since both are read as cytosine during the sequencing. TAB-seq (TET-assisted BS-seq)

was developed to specifically map only 5hmC by using the recombinant TET enzymes to

oxidize all 5mC into 5caC, and 5hmC is protected by b-glucosyltransferase (bGT) from

TET oxidation, thus after bisulfite conversion, 5hmC remain unchanged and is read as C

by sequencing (Yu et al., 2012b). The other BS-seq-based 5hmC mapping method, oxBS-

seq (oxidative bisulfite sequencing), oxidizes 5hmC to 5fC using potassium perruthenate,

so that after bisulfite conversion, only 5mC remain unchanged and is read as C. 5hmC
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signal can be obtained by doing a subtraction between the oxBS-seq and traditional

BS-seq (Booth et al., 2012).

5hmC genomic distribution in mouse ESCs: A lot of studies have been published by

either using the antibody-enrichment methods (hMeDIP-seq) or BS-seq based methods

to capture the distribution features of 5hmC in mouse ESCs since it has relatively

high abundances of all oxidized bases. 5hmC is found in promoter regions with low

to medium levels of CpG density and with H3K4me3 enrichment (Ficz et al., 2011;

Pastor et al., 2011; Williams et al., 2011; Wu et al., 2011a; Yu et al., 2012b). Moreover,

5hmC is relatively associated with promoters of lowly expressed genes (Pastor et al.,

2011; Wilson and Murray, 1991; Wu et al., 2011a; Xu et al., 2011b). 5hmC is also found

located at the bivalent gene promoters which are characterized with both H3K27me3

and H3K4me3. (Pastor et al., 2013; Wu et al., 2011a; Yu et al., 2012b). Most of 5hmC

peaks are reported to be found in gene bodies with a gradual increase from transcription

start sites (TSSs) toward transcription termination sites (TTSs) and a quick drop around

the TTSs (Ficz et al., 2011; Wu et al., 2011a). 5hmC is relatively enriched in enhancers

and the distribution of 5hmC at distal regulatory regions shows a bias towards low

CpG density (Pastor et al., 2011; Yu et al., 2012b). Poised (H3K4me1 only) and active

enhancers (H3K4me3 and H3K27ac) are suggested to have more 5hmC distribution.

5hmC is actually depleted at the expected transcription factor-binding sites in the distal

regulatory elements and found enriched at the adjacent regions (Yu et al., 2012b).

1.3.4 Role of 5hmC and derivatives beyond as the demethylation
intermediates

5hmC and 5fC are shown to be stable in post-mitotic tissues, such as neuronal cells,

by stable isotope labeling method in mice (Bachman et al., 2014, 2015). These results

suggest that 5hmC and its derivatives have a function on DNA that goes beyond as

the DNA demethylation intermediates. Moreover, mass spectrometry experiments have

identified a lot of transcription-related and chromatin-associated proteins that can interact

and recognize the 5mC oxidized bases in vivo, suggesting a role of 5hmC and its oxidation

derivatives in transcription regulation and DNA repair processes (Iurlaro et al., 2013;
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Spruijt et al., 2013). However, there is no clear or direct correlation between gene expres-

sion changes and 5hmC alteration in mouse ES cells and hematopoietic stem/progenitor

cells (Ficz et al., 2011; Pastor et al., 2011; Williams et al., 2011; Zhao et al., 2015). In

the DNA pulled-down experiments searching for proteins interacting with modified bases,

5mC and 5hmC are shown to recruit different proteins in mESC and the interaction

between modified bases and proteins are cell-type specific. Neuronal progenitor cells

(NPCs) show different protein binding profile of 5mC and 5hmC compared with mESCs,

Uhrf2 was identified as a 5hmC-specific reader in NPCs. However, there is no any

specific 5hmC reader identified so far since most of the identified 5hmC reader can also

bind 5mC with lower affinity (Spruijt et al., 2013). Global run-on sequencing (GRO-

seq) experiments indicate that 5fC and 5caC in the gene body can slow down the RNA

polymerase II (Pol II) during transcription, which cause retarded transcription elongation.

Crystal structure analysis finds that Pol II can sense the modified bases by its epi-DNA

recognition loop. 5fC and 5caC, but not 5mC and 5hmC in the DNA could compromise

the Pol II GTP incorporation ability (Kellinger et al., 2012; Wang et al., 2015a).

1.4 DNA modifications in normal and malignant physi-
ological processes

DNA modified bases in the mammalian genome provide an additional layer of information

in regulating the gene expression pattern in different tissues and cells. DNA methylation

shows dramatic changes during epigenetic reprogramming processes involved in early

embryogenesis and germline cell development. DNMT and TET family proteins are re-

ported to play an important role in basic developmental processes including embryogeneis

and neurological development. DNMT3A and TET2 mutations are frequently observed

in patients with hematological malignancies, indicating a role of DNA modifications

in tumorigenesis. Importantly, cancer cells usually exhibit aberrant DNA methylation

pattern and CpG island methylator phenotype (CIMP) is a hallmark for a subtype of

cancers. In this section, I will introduce the current understanding of the function of DNA

modifications in normal and malignant physiological processes.
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1.4.1 DNMT proteins in mouse embroyo development and human
diseases

DNMT proteins in mouse embryogenesis and PGC

DNMT family proteins, DNMT1, DNMT3A/3B, are the main mammalian methyltrans-

ferases responsible for the maintenance and do novo establishment of cytosine methylation

respectively. Mice carrying each individual Dnmt gene mutation all show developmental

defects in early embryogenesis and fail to survive before birth or die soon after birth.

Dnmt1 depletion in mice is embryonic lethal (Li et al., 1992). Dnmt1 homozygous

mutant mouse embryos display severe developmental delay, and fail to develop at mid-

gestation stage. Histology analysis on the mutant embyros show that major organs such

as heart, brain, and in some cases forelimb buds, were present but less well developed.

Intracisternal A particle (IAP) retrovirus is one of the most transpositionally active

transposon elements and is normally transcriptionally silent in cells. IAP transcripts

levels are found upregulated 50-100 fold in Dnmt1-/- mouse embryos, which suggest a

role of DNMT1 in restraining transposon activity (Walsh et al., 1998). Dnmt3a-mutant

mESCs and Dnmt3b-mutant mESCs both behave similar as the wildtype (WT) mESCs.

Dnmt3a-/- mice show normal development at birth but die 4 weeks after birth. In contrast,

Dnmt3b depletion in mice is embryonic lethal. Dnmt3b-/- mouse embryos have severe

developmental defects including growth impairments and rostral neural tube defects.

Dnmt3a and Dnmt3b double mutant homozygous mouse embryos are not viable and

show more severe developmental defects than those of either single mutant mice, which

suggests that Dnmt3a and Dnmt3b have functional overlaps in mouse early embryogenesis.

The two de novo cytosine methyltransferases also show non-overlapping functions in

development, Dnmt3b is specifically required for the methylation of centromeric minor

satellite repeats (Okano et al., 1999). Dnmt triple knockout (TKO) undifferentiated

mESCs show comparable cell growth with undifferentiated WT cells but TKO cells have

impaired growth upon embryoid body differentiation, this suggest CpG DNA methylation

is not important for the self-renewal ability of undifferentiated cells (Tsumura et al.,

2006). DNA methylation is also involved in the gene imprinting regulation of maternal

and paternal genomes during gametogenesis. Early study shows that Dnmt3L, a Dnmt3
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homologous gene, is required for the gene imprinting establishment in maternal genome

(Hata et al., 2002). Dnmt3L binds and cooperates with Dnmt3A and DnmtB to establish

maternal imprints in mice.

DNMT proteins in human diseases

DNMT1 mutations are observed in patients with neurological disorders, such as hereditary

sensory and autonomic neuropathy type 1E (HSAN1E) which is an inherited autoso-

mal disorder. HSAN1E patients are usually characterized with central and peripheral

nervous systems disorders including sensory impairments of the lower legs and feet,

hearing loss and dementia. HSAN1E is caused by DNMT1 mutation which affects

the enzymatic activity, resulting in the neuronal system impairment (Winkelmann et al.,

2012). DNMT3A mutations are associated with growth disorders and hematological

disorders. The growth phenotypes of the DNMT3A mutated patients dependents on

the specific types of mutation. Heterozygous gain-of-function mutations of DNMT3A

PWWP domain have been found in patients with microcephalic dwarfism which is

specifically characterized with a reduced brain size. The gain-of-function mutations at

the PWWP domain are suggested to abolish DNMT3A binding to H3K36me3, and

affect the DNA methylation at the Polycomb-regulated regions (Heyn et al., 2019).

Heterozygous DNMT3A mutations are also observed in an overgrowth disorder, the

Tatton-Brown–Rahman syndrome (TBRS), which is characterized by tall stature and

moderate intellectual disability. TBRS-related mutations are found in the three main

functional domains of DNMT3A, PWWP, ADD and methyltransferase domain, and

the details of the effect of DNMT3A mutations on disease development remain further

investigated (Tatton-Brown et al., 2014). Somatic DNMT3A mutations are frequently

observed in patients with myeloid-lineage hematological disorders and in healthy indi-

viduals with clonal haematopoiesis. DNMT3A mutations are found in around 30% of

acute myeloid leukemia (AML) cases and around 57% of the individuals with clonal

hematopoiesis (Buscarlet et al., 2017; Russler-Germain et al., 2014). The arginine-to-

histidine substitution mutation at the catalytic domain residue R882, R882H, seems to be

the dominant mutation in DNMT3A-mutated patients or healthy individuals with clonal
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hematopoiesis. AML patients with R882H mutation exhibit a focal hypomethylation in

the genome. (Russler-Germain et al., 2014). DNMT3B mutations are found in individuals

with immunodeficiency, centromeric instability and facial anomalies (ICF) syndrome

which is characterized by hypomethylation of centrometric satellites II and III and

centromeric heterochromatin instability (Okano et al., 1999), this is consistent with the

mice studies about the function of Dnmt3b on methylating centromeric minor satellite

repeats.

1.4.2 TET proteins in mouse embryo development and human dis-
eases

TET proteins in mouse ESCs and embryogenesis

In mouse ESCs, Tet1 is shown to be involved in the inner cell mass-lineage specification

and knockdown or knockout of Tet1 in mESCs leads to decreased 5hmC resulting in cell

differentiation bias towards trophectoderm lineage in vitro (Dawlaty et al., 2011; Ito et al.,

2010; Koh et al., 2011). But these effects are not observed in vivo (Dawlaty et al., 2011).

Tet1 –/– mice with a mixed mouse strain background 129/sv x C57BL/6 are viable, fertile

and have normal embryogenesis and postnatal development. Some healthy mutant mice

show lower body weight at birth and during postnatal development, which suggest Tet1

loss could cause a developmental delay during embryogenesis. While in another study, the

homozygous Tet1-mutant gene-trap mice with a background 129P2/Ola show embryonic

lethality but the Tet1-mutant C57BL/6 mice are born normally (Yamaguchi et al., 2012).

The female Tet1-mutant mice have smaller ovaries and show decreased fertility efficiency

and small litter size. Besides Tet1, Tet2 is also expressed in mESCs. Most of the homozy-

gous Tet1 and Tet2 double-knockout (DKO) mice develop to term and die perinatally

with a variety of malformations (Dawlaty et al., 2013). Surviving double mutant mice

are fertile but female mice have impaired fertility. Unlike Tet1 single KO mice, loss

of both Tet1 and Tet2 lead to a global DNA hypermethylation and particularly affect

the DNA methylation at certain gene imprinting loci. Tet1/2/3 triple-knockout (TKO)

mESC(Tet1–/–|Tet2–/–|Tet3+/–) maintain the normal ESCs morphology and embryoid

body (EB) differentiation ability, TKO EBs show a complete depletion of 5hmC and a
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subtle increase in global 5mC levels (Dawlaty et al., 2014). TKO ESCs could develop

most germ layers but with some defects in endodermal and selected mesodermal structures

which suggests all three Tet proteins cooperate together in regulating ESCs differentiation

potential during embryogenesis. Consistent with the finding in mESCs, Tet-TKO mice

also show gastrulation defects including smaller body size, developmental delay in mid-

streak stage, and impaired maturation of mesoderm specification (Dai et al., 2016), these

further support the important function of DNA modification in embryogenesis. Tet3

function is associated with DNA methylation reprogramming of the paternal genome in

zygotes. Tet3–/– mice undergo normal embryonic development but die perinatally. Mice

with Tet3 depletion in oocytes exhibit impaired 5mC oxidation in the paternal genome

and cause developmental defects in the embryos (Gu et al., 2011b).

TET proteins in human diseases

TET protein functions are closely related to human malignant transformations. Mutations

of TET proteins, mostly TET1 and TET2 are found in a variety of cancer diseases,

particularly related to hematopoietic malignancies. Moreover, global loss of 5hmC and

reduced expression level of TET proteins are observed in patients with breast, liver,

lung, glioblastoma, melanoma and blood cancers (Kudo et al., 2012; Liu et al., 2013;

Turcan et al., 2012; Yang et al., 2013). These suggest an important role of TET proteins

in tumorigenesis.

The initial evidence supporting the correlation of TET protein with cancer development

comes from the discovery of TET family protein in which TET1 (originally referred

as LCX, leukemia-associated protein with a CXXC domain) is identified as a fusion

partner of the MLL in patients with acute myeloid leukemia (AML) (Lorsbach et al.,

2003; Ono et al., 2002). MLL-TET1 translocation is also identified in other types of

blood cancers including B-cell precursor acute lymphoblastic leukemia (BCP-ALL),

T-cell lymphoblastic lymphoma (T-LBL), and non-Hodgkin B cell lymphoma (B-NHL)

(Burmeister et al., 2009; Cimmino et al., 2015; Ittel et al., 2013). But the frequency of

MLL-TET1 translocation in blood cancer is relatively low in contrast to other MLL

translocations (Burmeister et al., 2009). Although Tet1 deficiency in mice shows no effect
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in animal viability and normal development, both Tet1 heterozygous and homozygous

mice develop and die of B cell malignancies in spleen and lymph nodes between 1-2 years,

which indicates a role of TET1 as a tumor suppressor in B cell lineage (Cimmino et al.,

2015). Tet1-deficient mice tumors show similar mutation spectrum as those in human

B-NHL. However, TET1 is not mutated in human B-NHL, instead TET1 gene is silenced

by promoter DNA hypermethylation. In general, TET1 mutation in human hematopoietic

malignancies are reported in low freqeuncy and the contribution of TET1 deficiency in

tumorigenesis still need to be investigated.

TET2 is frequently mutated in a wide range of hematopoietic malignancies including

both myeloid and lymphoid lineages (Scourzic et al., 2015). TET2 mutations are firstly

reported in a variety of myeloid cancers including acute myeloid leukemia (AML),

myelodysplastic syndrome (MDS) and myeloproliferative neoplasms (MPN), chronic

myelomonocytic leukaemia (CMML), TET2 mutation is also observed in a number of

lymphoid cancers with a general low frequency but enriched in angioimmunoblastic T-cell

lymphoma(AITL) (33-83%). Tet2-/- knock-out or hematopoietic-lineage conditional

knock-out mice all show increased hematopoietic stem cell population and myeloid

differentiation bias in the spleen, which further provide the evidence for TET2 function in

blood lineage development (Ko et al., 2011; Li et al., 2011b; Moran-Crusio et al., 2011;

Quivoron et al., 2011). The details about TET2 function in blood malignancies and in

mouse hematopoiesis would be discussed in chapter 1.5.1 and chapter 1.5.2 respectively.

In addition to hematological malignancies, TET protein mutations are also found in

solid tumors but with much lower frequency compared with those observed in blood

malignancies (Scourzic et al., 2015). All three TETs can be mutated rarely in colorectal

cancers (CRCs) (Muzny et al., 2012; Seshagiri et al., 2012). TET1 is also mutated in low

frequency in lung cancer (Imielinski et al., 2012; Seo et al., 2012) and bladder cancer

(Gui et al., 2011). TET2 mutations are found in lung cancer (Imielinski et al., 2012;

Seo et al., 2012) and melanoma (Rasmussen and Helin, 2016). Importantly, decreased

TET expression level and reduced 5hmC level are often associated with many solid tumors

including glioma (Turcan et al., 2012), CRCs (Kudo et al., 2012), prostate, breast cancer



1. Introduction 27

(Hsu et al., 2012; Yang et al., 2013), liver, lung cancer (Yang et al., 2013) and melanoma

(Lian et al., 2012). TET1 expression and 5hmC level were found decreased in patients

with prostate, breast cancer and nealry 50% CRCs (Hsu et al., 2012; Kudo et al., 2012).

Although TET2 is not frequently mutated in human brain cancers, reduced expression

of TET2 led by DNA hypermethylation is found in many glioblastoma patients and

ectopic overexpression of TET2 could impair the glioblastoma cells in vitro (García et al.,

2018). In addition, TET2 enzymatic activity can be inhibited by 2-hydroxyglutarate (2-

HG) which is produced by IDH1/2 mutant in human brain tumors (Losman and Kaelin,

2013; Xu et al., 2011a). In all, TET protein could serve as tumor suppressor genes as a

consequence of the relatively high frequency of loss-of-function mutations identified in

human cancers. The down-regulation of TET expression and 5hmC identified in cancers

also suggest another mechanism by which TET protein get involved in tumor development

by impairment of its enzymatic activities.

1.4.3 Altered DNA modification pattern is a landmark for cancers

Cancer is a genetic disease caused by deregulated gene expression which leads to aberrant

activation of oncogenes that promote cell proliferation or inhibit cell death, or which

leads to the inactivation of tumor-suppressor genes that are supposed to interrupt those

processes (Baylin and Jones, 2016). Epigenetic regulation plays an important role in

gene expression during cancer development (Baylin and Jones, 2011). Promoter DNA

hypermethylation has been found in several tumor suppressor genes, which results in

gene silencing in human cancers (Chen et al., 2003b; Suzuki et al., 2004). Cancer cells

show distinguished DNA methylation landscape which is characterized by global DNA

hypomethylation and focal hypermethylation at CpG promoter (CIMP) (Berman, 2012;

Hansen et al., 2011). CpG promoter hypermethylation at certain disease-related genes

could be used as a biomarker for early cancer diagnosis in lung cancers or colorectal

cancers (Brock et al., 2009; Coolen et al., 2010; Lofton-Day et al., 2008). The discovery

of TET proteins and 5hmC in the genome provide a new mechanism by which DNA

modifications get involved in cancer development. Reduced levels of 5hmC and decreased

expression of all three TET proteins have been found in human breast, liver, lung,
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pancreatic and prostate cancers, which suggest an important role of DNA modification in

tumorigenesis (Kudo et al., 2012; Yang et al., 2013). In summary, DNA modification is

highly associated with cancer progression and development. The identification of cancer-

related mutations of DNA modifying machineries and dysregulated TET enzymatic

activities suggests both direct and indirect ways in which 5mC and 5hmC are involved in

tumoriogenesis.

1.5 TET2 in normal and malignant haematopoiesis

Tet2 is the most highly expressed Tet genes in mouse blood lineages, and is widely

expressed in a variety of blood cells including hematopoietic stem/progenitor cells

(HSPCs), myeloid lineages and lymphoid lineages (Ko et al., 2010). TET2 is suggested

be a tumor suppressor gene specifically in human hematological malignancies since

the high frequency of TET2 mutations identified in a variety of human blood cancers

including both myeloid and lymphoid lineages. Tet2 deficiency in mice leads to altered

hematopoietic stem cell function and increased myelopoiesis in spleen. In this section, I

will introduce the mutation features of TET2 in human hematopoietic malignancies, and

describe the mice phenotypes caused by Tet2 deficiency, and finally discuss the current

understanding of the contribution of TET2 mutations to carcinogenesis.

1.5.1 TET2 as a tumor suppressor in human hematopoietic malig-
nancies

TET2 is expressed in a wide range of different human tissues and is particularly enriched in

hematological cells with the highest expression in granulocytes (Langemeijer et al., 2009).

TET2 mutations in hematological malignancies were initially reported in myeloid-lineage

hematopoietic disorders (Delhommeau et al., 2009; Jankowska et al., 2009; Langemeijer et al.,

2009; Tefferi et al., 2009). TET2 mutations are frequently identified in 6-26% MDS

(myelodysplastic syndrome), 20-58% CMML (chronic myelomonocytic leukemia), 12-

27% de novo adult AML (acute myeloid leukemia), and 17-32% secondary AML. TET2

mutations are also observed in 33-83% AITL (angioimmunoblastic T cell lymphoma)

and rare in B-cell lymphoma (Scourzic et al., 2015).
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An initial study observed the TET2 somatic mutation caused by chromosome abnormali-

ties including uniparental disomy (UPD) and deletion of chromosome 4q24 in patients

with MDS and MDS/MPN syndromes (Jankowska et al., 2009). Later on, TET2 point

mutations such as missense, nonsense, insertion, deletion and frameshift mutations

are also observed in patients with hematopoietic disorders (Delhommeau et al., 2009;

Jankowska et al., 2009; Langemeijer et al., 2009; Tefferi et al., 2009; Weissmann et al.,

2012). Patients with TET2 homozygous/ hemizygous/ heterozygous/ compound het-

erozygous mutations have similar clinical phenotypes which suggests TET2 single allele

mutation is enough to promote tumorigenesis (Jankowska et al., 2009). Patients with

myeloid malignancies could have more than one TET2 mutations and in a recent study

on CMML, nearly 50% of the TET2-mutant patients have two TET2 mutations, but in

general, a single mutation is more commonly observed in patients than multiple mutations

(Coltro et al., 2019; Hirsch et al., 2018). TET2 mutations spread across all the exons of

TET2 gene, and there is no specific mutation enriched in any cancer type. Nonsense and

frameshift mutation can lead to the formation of pre-mature stop codons in the N-terminal

of the protein which result in the loss of function of TET2 protein (Delhommeau et al.,

2009; Jankowska et al., 2009; Langemeijer et al., 2009). The missense mutations which

can cause in-frame deletion and amino acid substitution seem to preferentially locate in

the two conserved regions in the C-terminal of the protein (Langemeijer et al., 2009).

TET2 mutations might occur as an early event in leukemogenesis since it is identified in

most of the bone marrow cells (median 96%) with a variety of cell lineages, particularly,

the mutations identified in CD34+ progenitor cells provide an evidence for TET2

function in early disease development (Langemeijer et al., 2009; Smith et al., 2010).

Another evidence to support this is the high frequency of TET2 mutations observed

in healthy individual with clonal hematopoiesis. The age-related clonal hematopoiesis

is characterized by clonal expansion of the hematopoietic stem cell with preferential

differentiation towards myeloid lineage. TET2 mutation is the first somatic mutation

reported in healthy individual with clonal hematopoiesis (Busque et al., 2012). Similar to

the mutation spectrum in myeloid neoplams, TET2 mutations in clonal hematopoiesis

individuals are observed across the whole gene, including missense mutations, truncating
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mutations (frame shift, and nonsense), in-frame deletions and insertions (Buscarlet et al.,

2017). TET2 mutations in clonal hematopoiesis are suggested to exist as an ancestral event

which can predispose to the formation of other cancer-related somatic mutations required

for leukemogenesis, thus increase the risk of hematologic malignancies (Busque et al.,

2012; Hirsch et al., 2018; Kishtagari et al., 2019). A typical example is that TET2

mutation is frequently found before the occurrence of JAK2V617F mutation in patients

with MPN (Abdel-Wahab et al., 2010). In all, TET2 mutations in hematopoietic cells

serve as an ancestral hit to favor the occurrence of other leukemogenic mutations for the

disease development, rather than being a leukemic driver.

TET2 mutations have different co-occurring mutations in different tumor phenotype.

In all myeloid neoplasms, the most frequent TET2 co-occurring mutations are another

mutation in TET2 (43%), and mutation in ASXL1 (21%), SRSF2 (18%), and NPM1

(13%) (Hirsch et al., 2018). And by disease types, in MDS patients, TET2 mutation

often co-occurs with another TET2 mutation, ASXL1, SF3B1, and SRSF2 mutation;

in MDS/MPN patients, TET2 mutation is often in concert with another TET2, SRSF2,

ASXL1, RUNX1, and CBL mutation; in MPN, the most frequent TET2 co-occurring

mutations are JAK2, ASXL1, and SRSF2; in primary AML, co-occurrence of NPM1,

DNMT3A, or FLT3-ITD mutation are more often observed (Hirsch et al., 2018). Al-

though TET2 and DNMT3A are functional counterparts in DNA methylation and demethy-

lation, the occurrence of these two mutations is often observed in myeloid malignancies

and clonal hematopoiesis in which both two mutations account for nearly 90% of mutated

genes in age-related clonal hematopoiesis (Abdel-Wahab et al., 2009; Buscarlet et al.,

2017; Cancer Genome Atlas Research Network et al., 2013; Delhommeau et al., 2009;

Robertson et al., 2019). Mice studies suggest that DNMT3A and TET2 cooperate together

and affect HSC differentiation by repressing the expression of some lineage-specific

transcription factors such as Klf1 to inhibit the HSC differentiation and thus lead to

transformation (Zhang et al., 2016). Interestingly, TET2 mutations and certain mutations

such as the single amino acid missense mutation at the arginine 132 (R132) of Isocitrate

dehydrogenase 1 (IDH1) and IDH2, and Wilms tumor 1 (WT1) mutations are mutually

exclusive in multiple cancers due to their overlaps in molecular function. IDH1 and IDH2
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are mitochondrial enzymes that can catalyze the formation of 2-oxoglutarate (2-OG),

an necessary cofactor for TET enzymatic activity. Gain of function of IDH1 and IDH2

mutations are frequently observed in 80-90% low-grade glioma/secondary GBM (glioblas-

toma multiform) and 10-30% secondary AML (Losman and Kaelin, 2013). IDH1/2

mutations lead to the loss-of-activities in 2-OG production and gain-of-activities in 2-

hydroxyglutarate (2-HG) production (Dang et al., 2009; Figueroa et al., 2010; Ward et al.,

2010). 2-HG is an 2-OG antagonist and it can inhibit the enzymatic activity of TET

and the other 2-OG-dependent dioxygenases including histone demethylases involved in

the demethylation of H3K4, H3K9, H3K27, and H3K79 (Figueroa et al., 2010; Xu et al.,

2011a). Consistent with the inhibition role of 2-HG on TET2 activity, IDH-mutant AML

and brain tumors have increase DNA methylation levels and show DNA hypermethylation

at specific loci (Figueroa et al., 2010; Turcan et al., 2012). Importantly, the expression

of mutant IDH1/2 or depletion of Tet2 in mice bone marrow cells could both impair the

cell differentiation ability and increased stem/progenitor cell marker, c-Kit, expression,

which indicate their consistent roles in regulating normal and malignant hematopoiesis

(Figueroa et al., 2010). WT1 mutations are found in AML and is correlated with poor

prognosis in AML patients (Hou et al., 2010). WT1 is identified as a TET2 interacting

protein which is responsible for the recruitment of TET2 to its targeted regions in the

genome, the functional coordination might explain for the mutational exclusivity of the

two genes in AML (Wang et al., 2015b).

TET2 mutations in myeloid cancers are associated with the decreased 5hmC and increased

5mC (Figueroa et al., 2010; Ko et al., 2010). TET2 mutations in healthy individual with

clonal hematopoiesis are associated with significant focal DNA hypermethylation and

transcriptional silencing at specific loci which are hypermethylated in AML patients

with TET2 mutation (Busque et al., 2012). However, there is no consistent conclusion of

the prognosis value of TET2 mutations in hematological malignancies. TET2 mutated

patients are usually associated with older age and have increased white blood cell counts

and monocytosis, but TET2 mutation is suggested not have to any impact on the patient

survival rates (Chou et al., 2011; Jankowska et al., 2009; Smith et al., 2010; Tefferi et al.,

2009). However in a study in AML, patients with TET2 mutation have significantly
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shorter event-free survival compared those with WT TET2 (median: 6.7 vs 18.7 months,

P=0.009), and higher chances to have relapse, thus TET2 is thought be a prognostic

biomarker in AML (Weissmann et al., 2012). In contrast, in a study in CMML, patients

with TET2 mutations seem to have better overall survival than those without TET2

mutation (Coltro et al., 2019). In conclusion, TET2 mutations in human blood cancers

lead to aberrant DNA methylation changes and affect the gene expression. And the

functional importance of TET2-mediated gene regulation in inhibiting tumorigenesis

need to be further explored. Given the lack of consistency in correlation between TET2

mutations and patient survival status, the significance of TET2 mutations in clinical

prognosis remain to be investigated.

1.5.2 Tet2 in mouse hematopoiesis

To have a better understanding of the role of TET2 in hematopoiesis and dissect the

molecular mechanisms behind the process, several groups have generated Tet2-deficient

mice by using different strategies including knock-out, blood lineage conditional knock-

out and gene-trap method and by targeting at different regions of Tet2 gene (Ko et al.,

2011; Li et al., 2011b; Moran-Crusio et al., 2011; Quivoron et al., 2011; Shide et al.,

2012). In general, those Tet2-KO mice show similar defects in blood development

and could develop into CMML-like phenotypes at an average time of 12-20 weeks, which

supports the finding observed in human myeloid malignancies and confirms the role of

TET2 in hematopoietic development.

There are several Tet2-KO model mice available which differ in the way of the generation

of Tet2 depletion but they do have some similar hematopoietic phenotypes. The Levine

group created a hematopoietic-specific Tet2-depleted mice by targeting the first coding

Tet2 exon, exon 3, which is one of the most frequently mutated exons in myeloid

malignancies (Moran-Crusio et al., 2011. The Bernard group generated an interferon

inducible Tet2-depleted mice to achieve the acute Tet2 inactivation in adult stage and

exon 11, which is the second frequently mutated exon, were removed to deplete the

dioxygenase domain of Tet2 protein (Quivoron et al., 2011). Another group also tried

to deplete exon 9 which encodes a motif required for Tet2 enzymatic activity (Ko et al.,
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2011). Disruption of the endogenous ATG at exon 3 was also used to deplete Tet2

expression (Li et al., 2011b).

All Tet2-deficient mice are born with the expected Mendelian ratio, are fertile and appear

normal as wild-type mice. Tet2 deficiency in blood lineage is not compensated by

increased expression of other Tet genes Tet1 and Tet3. Loss of Tet2 leads to a decreased

5hmC level in bone marrow and spleen in mice (Ko et al., 2011). Tet2 deficiency in

mice leads to the enlarged hematopoietic stem cell (HSC) compartment and increases the

self-renewal ability of HSC in vivo which provides the mutant HSC a growth advantage

over the wild-type HSC in the competitive transplantation assays. More strikingly,

Tet2-depleted animals have a significant enlarged spleen which undergoes elevated

extramedullary hematopoiesis around 12-20 weeks of age (Ko et al., 2011; Li et al.,

2011b; Moran-Crusio et al., 2011; Quivoron et al., 2011). In vitro cell culture of the

LSK progenitor cells from Tet2-/- mice show premature myeloid differentiation towards

monocyte/macrophage cells (Ko et al., 2011). Moreover, heterozygous mutant mice

(Tet2+/-) also show increased HSC self-renewal and extramedullary hematopoiesis

in spleen, which suggests that monoallelic Tet2 deficiency could contribute to the

progression of the myeloid malignancies (Moran-Crusio et al., 2011; Quivoron et al.,

2011). Tet2 deficiency in mice has no big impact on lymphocytes lineage differentiation

(Ko et al., 2011; Moran-Crusio et al., 2011). However, one group observed the altered

hematopoiesis of both myeloid and lymphoid lineages including monocytic, erythroid,

T cell and B cell lineage in their Tet2-KO mice which the last coding exon of Tet2 was

depleted in all cells (Quivoron et al., 2011). In those mice, there were increased immature

double-negative CD4-CD8- T cell progenitors in thymus, decreased B cell lineages and

increased erythroid precursors in bone marrow and extramedullary erythropoiesis in

spleen. However the mice finally still develop a human CMML-like myeloid malignancy

which is consistent with other Tet2-depleted mice models. All Tet2-depleted mice models

could develop a condition similar to human CMML with age, which is characterized by

increased monocytosis and granulocytosis in peripheral blood and spleen, splenomegaly,

and extramedullary hematopoiesis. Rarely Tet2-depleted mice could die of disease and

the median survival age is around 12-18 months, although in one study some Tet2-/- mice
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show poor survial after 1 year and die with myeloid malignancies phenotypes (Li et al.,

2011b). Two groups have successfully generated Tet2-deleted AML mice models in

combination with the expression of other oncogenic genes, such as AML1-ETO or FLT-

ITD (Hatlen et al., 2016; Rasmussen et al., 2015; Shih et al., 2015). scRNA-seq analysis

on HSPCs isolated from Tet2 KO mice (Mx1-cre) revealed that Tet2 depletion did not

result in any new cell cluster, but led to an increased quiescent HSC cluster, decreased

Ki67+ long-term HSCs (LT-HSCs) (Lin-, Sca-1+, c-Kit+, CD150+, CD48-), an increase in

some myelomonocytic progenitor cluster and decreased erythroid progenitor frequencies

(Izzo et al., 2020). In conclusion, Tet2 is shown to be involved in regulating the expansion

and function of HSCs and negatively regulates the HSC differentiation towards myeloid

lineage. Moreover, Tet2 seems to inhibit immature myeloid differentiation towards the

monocyte/macrophage in the progenitor cells. The long latency and low penetrance of

malignant transformation in Tet2-depleted mice could indicate other oncogenic mutations

might be required for the leukemogenesis.

TET2 mutations often co-occur with additional mutations in myeloid malignancies, and

it is not quite known how the co-occurring mutations cooperate together and lead to

the disease development. Several groups have also generated mouse models to explore

the hematopoietic phenotypes caused by those mutations. Addition of Sex Combs

Like 1 (ASXL1) mutations is a TET2 co-occurring mutation in patient with MDS.

Depletion of Asxl1 in mice reduces the HSC self-renewal ability and gives a significant

growth disadvantage to the KO HSC/HSPC in the competitive transplantation assay.

The additional depletion of Tet2 in the Asxl1-KO mice can compensate the self-renewal

defect caused by Asxl1 deficiency. Asxl1/Tet2 compound mutant mice develop a disease

condition similar to human MDS phenotype, and have poorer survival compared with

single KO mice (Abdel-Wahab et al., 2013). Another example is the co-occurrence of

Jak2V617F expression and Tet2 mutation in MPN. The combination with JAKV617F

mutation facilitates the disease progression since Jak2V617F/Tet2 compound mutant

mice develop more accelerated MPN phenotype than either single mutant mice. Tet2

deletion might provide the Jak2V617F-mutant HSC a significant competitive advantage

and regulates HSC function in a long-term manner (Chen et al., 2015; Kameda et al.,
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2015; Shepherd et al., 2018). In conclusion, loss of Tet2 increases the HSC self-renewal

capacity and offers the HSC/HSPC a clonal growth advantage, the additional co-occurring

mutation promotes the disease progression.

DNMT3A and TET2 mutations are shown to co-occur in AML and T cell lymphoma.

Both enzymes are related to DNA modifications on cytosine but function in opposite

manner on modification establishment and removal. Single cell RNA-seq and single cell

RRBS on HSPCs from mice with the both enzyme mutations reveal that Dnmt3a KO

and Tet2 KO have distinct preference in favoring the erythroid and the myelomonocytic

lineage differentiation. DNA hypermethylation by Tet2 KO leads to myelomonocytic

skews in HSC population, in contrast Dnmt3a KO-induced hypomethylation leads to a

erythroid-lineage bias (Izzo et al., 2020). Although the DNA methylation changes led

by the two enzymes show opposite direction which is consistent with their biochemical

activity, the clinical hematopoietic phenotypes are quite similar. Whole bone marrow

transplantation (BMT) experiments show that mice transplanted with double KO bone

marrow cells can develop into CMML-like disease in a faster speed than either single

KO cells-transplanted group (Zhang et al., 2016).In conclusion, current study suggests

that TET2 and DNMT3A function in a collaborative and competitive way to affect DNA

methylation at certain lineage-specific factors, thus affect the normal hematopoietic cell

differentiation, finally lead to malignancies transformation.

1.6 Molecular mechanisms of TET2 function in gene reg-
ulation

TET2 is firstly known as a 5mC dioxygenase which catalyzes the formation of 5hmC and

iterative oxidized products, 5fC and 5caC, resulting in the active DNA demethylation. In

parallel, those modified bases might serve as functional epigenetic marks involved in gene

regulation. Loss-of-function TET2 mutations are prevalently observed in human blood

malignancies and Tet2-KO mice exhibit altered hematopoiesis and develop human CMML-

like condition, these support the important role of TET2 function in human and mouse

hematopoiesis. Moreover, loss of 5hmC and de-regulated Tet2 function have been linked
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to many solid tumors. However, little is known about the mechanisms by which TET2

regulates hematopoiesis, the molecular events of TET2 function in normal and malignant

hematopoiesis and how defective TET2 contributes to cancer. Current studies focus on the

the understanding of transcriptional regulation of TET2 in hematopoiesis, the recruiting

mechanisms of TET2 to its targets loci, and the regulation of TET2 enzymatic activity. In

this section, I will firstly introduce the enzymatic activity-dependent/ independent TET2

gene regulation activity, then explain the understanding of Tet2 binding events in genome,

followed by a description of the known Tet2-interacting proteins. The final section will

focus on the protein or molecules involved in TET2 enzymatic activity regulation.

1.6.1 TET2 genomic distribution

In order to identify the molecular events directly contributed by TET2 protein, chro-

matin immunoprecipitation-sequencing (ChIP-seq) experiments have been performed to

map the genome-wide endogenous or exogenous TET2 occupancy in multiple human

and mouse genomes (Chen et al., 2013; Deplus et al., 2013; Rasmussen et al., 2019;

Uribe-Lewis et al., 2015; Wang et al., 2018; Xiong et al., 2016). Tet2 binding is mainly

found either in active gene promoters enriched with H3K4me3 (Chen et al., 2013; Deplus et al.,

2013) or enhancer regions (Rasmussen et al., 2019; Uribe-Lewis et al., 2015; Wang et al.,

2018; Xiong et al., 2016). However, there are some controversies about Tet2 binding at

gene promoters since one study observed few Tet2 binding events at promoters in mESCs

and most of Tet2 binding sites were located in CpG-sparse region (Rasmussen et al.,

2019) which contradicts with previous finding about Tet2 targeting at high density CpG

promoters in mESCs (Chen et al., 2013). The inconsistency from different study might

come from the use of different antibody. The specificity of either the commercially

produced or home-made Tet2 antibodies need to be further examined. Tet2 binding at

gene promoters was firstly reported by two studies where O-GlcNAc transferase (OGT)

was identified as the Tet2 interacting partners in mouse ESCs and 293T cells (Chen et al.,

2013; Deplus et al., 2013). By ChIP either the endogenous Tet2 protein in mES or using

the Halo-tag antibody to ChIP the exogenously-expressed tagged protein in 293 T cells,

they both observed that TET2 could recruit OGT on chromatin at promoter regions
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which are enriched with H3K4me3 and with high-density CpG sites. The co-occurrence

of the TET2 and OGT at active gene promoter regions is thought be associated with

transcriptional activation. The binding of TET2 at CpG-rich region and TSS, and the

co-localization of TET2 and OGT were also observed in mouse bone marrow cells

(Deplus et al., 2013). TET2 binding at CpG-rich gene promoters was also found in

human colon cancer cells and human leukemic cell line, HL-60 (Uribe-Lewis et al., 2015;

Wang et al., 2015b).

Tet2 activity at enhancer regions is gaining more and more focus since several studies

observed the enrichment of DNA hypermethylation caused by Tet2 depletion on enhancer

regions (Hon et al., 2014; Lio et al., 2019a; Lu et al., 2014; Rasmussen et al., 2015). Tet2

binding at enhancers region has been recently reported in several studies which provides

an evidence for Tet2 direct regulation on enhancer activity. One example of Tet2 binding

at enhancer regions comes from a mouse ESCs study where a novel 5hmC binder,

SALL4A, facilitate 5hmC oxidation at enhancer region by recruiting TET2 protein

(Xiong et al., 2016). The occupancy of TET2 protein at active enhancers regions have

been shown to facilitate the recruitment of estrogen receptor α (ERα) in response to

estrogen signaling (Wang et al., 2018). Tet2 binding at enhancer regions is also observed

in mESCs, immortalized mouse myeloid cells(AML1-ETO) and mouse AML cells

(Npm1cA; Flt3-ITD) using a novel Tet2-N antibody (Rasmussen et al., 2019). ∼33% of

Tet2 binding sites in mouse myeloid cells were found at enhancer regions. Tet2 ChIP-seq

in mESCs showed a strong enrichment of Tet2 binding at enhancer regions which undergo

DNA hypermethylation in Tet2-deficient cells, whereas little binding signal was observed

at promoters and CpG islands. However, the overlaps between differentially methylated

regions and Tet2 binding sites is quite small, which might indicate that Tet2 binding to

DNA is not always required for its enzymatic activity. Moreover, Tet2 binding sites in

mouse myeloid cells and AML cells show different gene ontology term enrichments and

TF motif enrichments as those observed from mESCs, indicating a cell-type specific

binding profile of Tet2. Although clear ChIP-seq peaks are observed in the identified Tet2

binding sites in the WT cells in this paper, the ChIP profiles between Tet2 WT cells and

Tet2 KO cells are quite similar since a lot of the called Tet2 peaks would be also found in
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the Tet2-KO cells ChIP-seq signal and exhibit a reduced peak height, thus the specificity

of this Tet2-N antibody need more careful evaluations.

1.6.2 Enzyme activity-dependent gene regulation

TET2 function is closely related to 5mC oxdiation and the consequent active DNA

demethylation process. Altered DNA methylation and hydroxymethylation landscapes

have been observed in mouse ESCs, genetically modified mouse models and blood

cancer patients with TET2 mutation or with de-regulated TET2 enzymatic activity

(Cimmino et al., 2017; Figueroa et al., 2010; Ko et al., 2011, 2010; Moran-Crusio et al.,

2011; Quivoron et al., 2011). Moreover, restoration of TET2 expression or treatment with

ascorbate, a co-factor for TET2 enzymatic activity could rescue the aberrant mouse HSC

self-renewal phenotype and inhibit human leukemic cell progression, these suggesting

that TET2 function in physiological hematopoiesis and its dysregulation in pathological

hematopoiesis might be dependent on its 5mC oxidation activity. Although two recent

studies reported the non-catalytic role of TET2 function in negative regulation of mast

cell proliferation (Montagner et al., 2016) and in contribution to lymphopoiesis (Ito et al.,

2019). TET2 function in myelopoiesis is more dependent on its catalytic activity

since TET2 catalytic mutant itself could cause mice to develop myeloid malignancies

whereas mice with complete Tet2 depletion develop both myeloid and lymphoid disorders

(Ito et al., 2019). Given the widely-observed TET2 mutations more in human myeloid

disorders and the therapeutic values in targeting its enzymatic activity by its cofactors

ascorbate and DNA methylation inhibitor, 5-Aza-2’-deoxycytidine (decitabine) in AML,

CMML, MDS diseases (Agathocleous et al., 2017; Cimmino et al., 2017; García et al.,

2018; Issa et al., 2004; Lainey et al., 2013), here I focus on the TET2 catalytic activity-

dependent cellular processes, and I will also emphasize the known understanding of TET2

activity on enhancer regulation.

Tet2 function in mouse embryonic stem cells

In mouse embryonic stem cells (mESCs), Tet1 and Tet2 are highly expressed, Tet3 is

expressed at minimal level and undetectable by Western blot (Koh et al., 2011; Lu et al.,
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2014). Tet2 mRNA is expressed about 5-fold less abundant than Tet1, Tet2 depletion leads

to more significant 5hmC loss in mESCs compared with Tet1 depleted cells, so that Tet2

is thought to be the dominant dioxygenase that catalyzes the 5mC oxidation in mES cells

(Hon et al., 2014; Huang et al., 2014), but Tet2 depletion causes less pronounced gene

expression changes and is dispensable for the embryonic development (Koh et al., 2011).

Instead, Tet1 is the main Tet proteins involved in gene regulation for cell pluripotency

since Tet1 depletion causes bigger gene expression changes than Tet2 deficiency and

majority of Tet2-affected genes overlap with Tet1-affected group (Ficz et al., 2011;

Huang et al., 2014).

Tet1-mediated 5mC oxidation occurs at gene promoter regions and is negatively correlated

with gene expression, whereas, Tet2 is responsible for the 5hmC deposition in the

gene body which is positively correlated with gene transcription (Huang et al., 2014).

However, there is no clear correlation between the gene/exon expression changes and

the 5hmC changes at the promoter/gene body caused by Tet1 and Tet2 deletion. Later

study identified the role of Tet2-mediated 5mC oxidation at enhancer regions since

hypermethylated DMRs (hyper-DMRs) in Tet2-/- are enriched in both active and poised

enhancer regions. Although enhancer hypermethylation caused little direct effects on its

histone modification levels, enhancer with more than average hypermethylation showed

loss of histone acetylation and reduced gene expression in Tet2-/- cells. (Hon et al., 2014;

Rasmussen et al., 2019). Chromatin immunoprecipitation experiments suggests that Tet2

preferentially binds to the open chromatin regions and has strong enrichment at DNase I

hypersensitivity with enhancer features (EP300, H3K27ac, H3K4me1) which undergo

Tet2-dependent 5mC oxidation (Rasmussen et al., 2019). Tet2-mediated 5mC oxidation

at enhancer region is involved in chromatin accessibility construction and facilitates the

specific groups of transcription factor binding. In all, Tet2 is suggested to be a positive

regulator of enhancer activity.

TET2 function in human blood malignancies

TET2 is frequently mutated in patients with myeloid malignancies and healthy individuals

with clonal hematopoiesis. TET2 activity in human myeloid neoplasm is closely associ-
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ated with its enzymatic activity since decrease of 5hmC is observed in bone marrow DNA

from patients with myeloid cancers (Figueroa et al., 2010; Ko et al., 2010; Pronier et al.,

2011). Expression of TET2 mutants from patients in HEK 293 cells also cause a

lack of gain of 5hmC (Ko et al., 2010). Moreover, clonal hematopoiesis individuals

with TET2 mutations show significant focal DNA hypermethylation and transcriptional

silencing at specific loci which are hypermethylated in AML patients with TET2 mutation

(Busque et al., 2012). However, there is no consistent conclusion about the genome-wide

DNA modification changes in cancer genome since different studies gives rise to different

observations. Figueroa et al reported the DNA hypermethylation at gene promoter regions

in AML patients with TET2 mutation (Figueroa et al., 2010), whereas, Ko et al found in

TET2-mutant patients with myeloid neoplasm (MDS, MDS/MPN, primary and secondary

AMLs), there was a widespread DNA hypomethylation instead only two hypermethylated

genes were identified (Ko et al., 2010). More recent study observed a specific enhancer

hypermethylation phenotype in AML patients with TET2 mutations (Rasmussen et al.,

2015), which is in line with the previous observation about TET2-mediated 5mC oxidation

on enhancer in mouse ESCs. In conclusion, although altered DNA modification levels

were observed in patients with TET2 mutations, the detailed mechanisms by which TET2-

mediated 5mC oxidation gets involved in gene regulation and regulates the malignancies

transformation remain further explored.

Tet2 function in mouse hematopoiesis

Tet2 depletion in mice leads to a significant loss of 5hmC in bone marrow DNA and no sig-

nificant changes in 5mC level is observed (Ko et al., 2011; Li et al., 2011b; Quivoron et al.,

2011). In order to understand the contribution of Tet2 enzymatic activity to gene regulation

in normal hematopoietic development, several groups have examined the gene expression

changes and mapped the genome-wide DNA modification alteration in blood cells derived

from Tet2 WT or mutant mice (Izzo et al., 2020; Lio et al., 2019a; López-Moyado et al.,

2019; Rasmussen et al., 2015).

scRNA-seq and scRRBS analysis on HSPCs (lineage-negative hematopoietic progenitor)

isolated from Tet2 KO mice (Mx1-cre) found that Tet2-mediated DNA demethylation
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is involved in HSC cell-lineage commitment by affecting the cell-lineage transcription

factor binding to DNA since different lineage-defining transcription factors have distinct

CpG contents which lead to varied sensitives to the methylation changes led by Tet2

deficiency(Izzo et al., 2020). Tet2 deficiency in HSC caused the myelomonocytic differ-

entiation skews over the erythroid lineage. In all, Tet2 regulates HSC cell differentiation

by its DNA demethylation activity through affecting the DNA binding events of lineage-

specific transcription factors and facilitate those lineage transcription factor with more

CpG enrichment.

To understand the role of TET2 in leukemia progression, Rasmussen et al have generated

a novel Tet2-deficient human AML-like model which combines Tet2 deficiency with

the expression of an oncofusion protein, AML1-ETO (AE) (Rasmussen et al., 2015).

Tet2-deficient AML mice developed a disease condition similar to TET2 mutated human

AML. Tet2-depleted mouse leukemic cells lost the expression of CD45 and exhibited

similar expression profile as the human AML cells. Moreover, the Tet2-deficient mice

showed poor viability and usually died of disease within 200 days. In vitro cultured

GMP cells (Lin- cKit+ Sca1- CD16/32+ CD150-) isolated from Tet2-deficient AML mice

showed decreased 5hmC level and altered gene expression related to stem cell function,

leukemogenesis, and cancer, particularly, several putative tumor suppressor genes and

oncogenes are down-regulated or up-regulated respectively. 5hmC mapping by 5hmC-

DIP-seq revealed a marked loss of 5hmC in the genome and DNA hypermethylation was

found in 25% of all enhancers in Tet2-/- AE cells by eRRBS. Interestingly, CpG island

and CpG gene promoters showed the cell passage-dependent DNA hypermethylation in

Tet2 depleted AE cells. DNA hypermethylation at enhancer regions is associated with loss

of H3K27ac which is an indicator for enhancer activity. Enhancer DNA hypermethylation

with >30% methylation increase is negatively associated with gene expression of nearby

genes, and there is no direct or significant correlation between enhancer-associated gene

regulation and the absolute 5mC/5hmC level. Moreover, there is no clear correlation

between the loss of 5hmC at enhancer and gene expression or enhancer activity, suggesting

Tet2 regulates enhancer activity and its associated gene expression mainly by its DNA

demethylation activity. Tet2 depletion-led DNA hypermethylation on enhancers occurs
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both during hematopoiesis and malignant transformation since the increase of 5mC is

found in both primary GMP cells with Tet2 mutation alone and primary mouse leukemic

cell. Moreover, motifs of several hematopoietic transcription factors including PU.1 and

Runx1 were found enriched in hypermethylated enhancer DMR. In all, Tet2 is suggested

to be responsible for the DNA demethylation at enhancer regions in mouse blood cells and

leukemic cells and the increased DNA methylation caused by Tet2 depletion is negatively

associated with enhancer activity and its gene expression regulation on nearby genes.

In addition to myeloid malignancies, TET2 mutations are also found in diffuse large B

cell lymphoma (Schmitz et al., 2018) and peripheral T-cell lymphomas (Lemonnier et al.,

2012). Lio et al and Lopez-moyado et al examined the Tet2 activity in B cells lineage

(Lio et al., 2019a) and T cells/NKT-cell lymphoma cells from Tet2/3 T cell-lineage

conditional KO mice (López-Moyado et al., 2019) respectively. Aicda encodes the

activation-induced cytidine deaminase (AID), a CSR-essential enzyme. Tet2 and Tet3

were found both involved in the mouse B cell class switch recombination (CSR) by its

DNA demethylation activity at the enhancer region of Aicda and positively regulated the

expression level of Aicda. Tet-deposited 5hmC was highly enriched at active (H3K4me1+

H3K27Ac+) relative to poised (H3K4me1+ H3K27Ac-) enhancers and associated with

accessible chromatin defined by ATAC-seq (assay for transposase-accessible chromatin

using sequencing). Deposition of 5hmC followed by B cell activation at Aicda locus

caused increased accessibility and promoted the bZIP transcription factor BATF binding

at the Aicda enhancers, resulting in an up-expression of Aicda. This is consistent with the

finding observed in mouse myeloid cells where Tet2-mediated DNA demethylation affects

the transcription factors binding at enhancer regions. Despite the well-known function of

Tet2 regulation at enhancer regions, Lopez-moyado et al identified the role of Tet activity

in DNA methylation dynamic at heterochromatin since there was DNA hypomethylation

in heterochromatin compartments in several mouse Tet-deficient genomes including

Tet2/3 DKO T cells/NKT-cell lymphom cells, HSPCs from Dnmt3a-Tet2 DKO Mice,

and all Tet-mutant mESCs (López-Moyado et al., 2019). DNA hypomethylation in

heterochromatin region in Tet2/3 DKO NKT cells were found associated with a large

increase in DNA double-strand breaks and transposable elements activation. And the
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detailed mechanism for Tet function in heterochromatin activity and its functional

importance for cancer transformation remain further illustrated.

Tet2 function at different genomic regions

Gene expression regulation in mammalian genome is shaped by the coordination of a

collection of transcription factors and cofactors on the c-cis DNA regulatory elements

and the chromatin environment containing these regulatory elements (Lelli et al., 2012).

CpG DNA methylation is highly associated with gene repression at CpG-enriched

gene promoters and enhancer regions (Greenberg and Bourc’his, 2019), whereas the

correlation between 5hmC and gene regulation is less clear. Current understandings of

Tet2 function in gene regulation focus on its DNA demethylation activity at enhancer

regions since DNA hypermethylation at enhancer regions caused by Tet2 deficiency is

widely observed in many cell contexts including human AML patients, mouse ESCs and

mouse blood cells and during the normal murine B cell activation process (Hon et al.,

2014; Lio et al., 2019a; Lu et al., 2014; Rampal et al., 2014; Rasmussen et al., 2015).

In Tet-TKO mESCs, DNA hypermethylation is observed in both active and bivalent

enhancers and it is negatively correlated with H3K27ac levels which is an indicator for

enhancer activity. Transcriptionally active genes show decreased expression levels when

their associated enhancers are hypermethylated (Lu et al., 2014). However, in general,

hypermethylation in enhancer regions leads to a small change in gene expression level in

TKO mESCs. Tet2 depletion in mESCs dose not lead to a global active and repressive

chromatin marks change at enhancer regions. Moreover, enhancer hypermethylation does

not lead to dramatic gene expression changes of its associated genes, but enhancer with

more significant gain of 5mC is more prone to active chromatin marks loss. Rasmussen

et al also observed the enhancer DNA hypermethylation in human AML petients with

TET2 mutations (Rasmussen et al., 2015). And in the Tet2-/- human AML mice model

generated in the same study, DNA hypermethylation is confirmed with correlation with

loss of H3K27ac. Tet2-mediated DNA demethylation at enhancer regions is suggested to

affect the chromatin accessibility and regulate the lineage-specific transcription factor

binding (Rasmussen et al., 2019; Wang et al., 2018). Wang et al firstly observed the
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impaired recruitment of estrogen receptor α (ERα) to active enhancers following Tet2

KO in MCF cells, a ERα positice human breast cancer cell line. Assay for Transposase

Accessible Chromatin and sequencing (ATAC-seq) in myeloid progenitor cells from

Tet2 KO mice revealed that most of ATAC peaks with loss of DNA accessibility in

myeloid progenitor cells have increased DNA methylation and partially overlap with

annotated enhancers in blood lineages (Rasmussen et al., 2019). Loss of Tet2 lead to

both increased and decreased activities of different subsets of transcription factors which

are clustered by their similarities in DNA-binding motifs. Among the changes, basic

helix–loop–helix (bHLH) family TFs (such as MYC and ITF2) show strong loss of activity

in Tet2 KO myeloid cells concomitantly with the downregulation of their targeted genes

in HSC. Moreover, ITF2 binding sites in HSC with Tet2 depletion show increased DNA

methylation which further suggest that Tet2 plays a role in regulating the transcription

factor binding by affecting the DNA methylation level at the binding motifs. The role of

Tet2-mediated DNA demethylation in chromatin accessibility regulation is also observed

in the study about the mouse B cell activation, where Tet2/3-mediated DNA demethylation

at two enhancer regions of Aicda is important for transcriptionally activation of Aicda

through the maintenance of accessible chromatin structure thus contributing to the B cell

class switch recombination process (Lio et al., 2019a).

In addition to the well-accepted DNA demethylation activity at enhancer regions, Tet2-

mediated gene promoter DNA demethylation is also associated with the upregulation of

SRY gene which is a mammalian key regulator of male sex determination (Okashita et al.,

2019). Unexpectedly, a recent study observed the accumulation of DNA hypomethylation

in heterochromatin regions and reactivation of the repeat elements in multiple mouse

genomes with Tet deficiency including developmental cells such as mESCs and HSPC,

T cells and also primary murine T cell lymphoma cells (López-Moyado et al., 2019). In

mESCs, loss of Tet1 leads to the re-localization of Dnmt3a from heterochromatin to

euchromatic compartment, which might explain the DNA hypomethylation at heterochro-

matin and increased DNA methylation at euchromatic regions.



1. Introduction 45

Recently, DNA methylation canyon or DNA methylation valley has been identified as a

novel genomic feature in human/ mouse embryonic stem cells and mouse hematopoietic

stem cells (Jeong et al., 2014; Xie et al., 2013). Canyons are defined as large DNA

fragments that are usually around 3.5kb-25kb in length, remain low DNA methylation

level (<10%) even during differentiation process, and have multiple CpG islands (at least

5 CpG per kilobase to satisfy the 5% permutation-based false discovery rate (FDR)).

Canyons are quite stable among species and cell types since majority of the mouse ESC

canyons overlap with those identified in human ESCs and mouse HSCs (Jeong et al.,

2014; Xie et al., 2013). Canyons-associated genes exhibit a bimodal distribution of the

active and repressive histone marks, which half of the genes show high levels of H3K4me3

marks and the rest covered with high levels of H3K27me3 marks and canyon boundaries

are marked with 5hmC peaks in wild-type HSCs (Jeong et al., 2014). Some of the HSC

canyon-associated genes are observed dysregulated in human leukemias which suggest

a potential role of the DNA methylation regulation at canyon in normal hematopoiesis

and leukemogenesis. In a recent study, Wiehle et al revealed the role of Tet1/2-mediated

DNA demethylation in protecting canyon from methylation and regulating the canyon-

associated gene expression in mouse embryonic fibroblasts (MEF) (Wiehle et al., 2016).

1.6.3 TET2 interacting proteins

Unlike TET1 and TET3 which have a clear DNA binding domain, CXXC domain,

responsible for the recruitment of the TET proteins to their target sites, TET2 lost its

CXXC domain during evolution (Ko et al., 2013). Therefore, the recruiting mechanisms

for Tet2 targeting at its binding loci remain unknown. The current hypothesis is that TET2

gets recruited to the targets by interacting with other DNA binding proteins so that a lot

of TET2 interactome screenings have been done in multiple cell types including mouse

ESCs, 293 T cells, human leukemic cells (HL-60) and murine erythroleukemia cells

(MEL) by doing affinity purification-coupled with mass spectrometry in either endoge-

nous or over-expressed cell context (Chen et al., 2013; Deplus et al., 2013; Guallar et al.,

2018; Rampal et al., 2014; Wang et al., 2015c). In addition to the proposed recruiting

mechanism for TET2 DNA binding, some of identified Tet2 interacting partners have
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been also involved in post-translational regulation of TET2 enzymatic activity and protein

stability control, or the interactors get recruited by TET2 protein and play a role in TET2-

involved gene regulation. In this section, I will introduce the known Tet2 interacting

partners and the functional importance of its interaction with TET2.

Interactors for TET2 chromatin recruiting:

1. IDAX (CXXC4):

TET2 gene underwent chromosomal inversion during evolution and lost its CXXC domain

which become an independent gene called IDAX (also known as CXXC4) (Iyer et al.,

2009). IDAX (4q22-q24) is localized around 650 kb upstream of the TET2 gene (4q24)

in the human genome and transcribed in opposite direction. IDAX binds unmethylated

CpG-containing DNA in vitro and is localized at CpG island and CpG-rich promoters

in vivo. The physical interaction between IDAX and TET2 was confirmed by co-

immunoprecipitation experiments in 293 T cells with the over-expression of the two

proteins (Ko et al., 2013). Specifically, IDAX interacts with the catalytic domain of

TET2 and recruits TET2 to DNA. Interestingly, the recruitment by IDAX leads to a

caspase-dependent TET2 protein degradation and similar phenotype is also observed on

TET3 protein where the CXXC domain recruits TET3 protein to DNA followed by the

activation of caspase pathway and results in the down-regulation of TET3 protein level,

which suggests a general auto-regulation mechanism for TET protein level by its DNA

binding domain.

2. WT1 (Wilms tumor 1):

WT1 gene encodes a transcription factor with a proline/glutamine-rich DNA-binding

domain at the N-terminus and zinc finger motifs at the C-terminus. Its original function is

associated with the pediatric kidney cancer, Wilm’s tumor in which nearly 15% patients

with Wilms’tumor have the WT1 mutation. WT1 is shown to be involved in development

and tissue homeostasis in many organs including kidney, gonads, heart and nervous

system( Hastie, 2017). WT1 mutations in AML lead to a global decreased 5hmC level

and is mutually exclusive with TET2 and IDH1/2 mutations, suggesting WT1 might
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participate in AML inhibition in a similar manner as the DNA modifying enzymes

(Rampal et al., 2014; Wang et al., 2015b). The endogenous interaction between TET2 and

WT1 is observed in multiple genomes including mouse ESCs, mouse bone marrow cells,

and several human leukemic cells such as HL-60 cell, human erythroleukemia cell (HEL

cells) and acute myeloid leukemia cell (Nomo-1 cells) (Rampal et al., 2014; Wang et al.,

2015b). The zinc-finger domain of WT1 interacts with the catalytic domain of TET2

and WT1 also interacts with TET3. WT1 recruits TET2 to its targeted genes where most

of them are located in the CpG-rich promoter regions and have altered gene expression

level dependent on TET2 enzymatic activity. The cooperation between TET2 and WT1

plays an inhibitory role in leukemia cell proliferation and colony formation (Wang et al.,

2015b). Importantly, some AML-related TET2 mutations abolish its interaction with WT1

suggesting a function relevance of TET2 chromatin recruiting by WT1 in suppressing

tumorigenesis.

3. PML (promyelocytic leukemia):

PML is a known tumor suppressor gene in acute promyelocytic leukemia where the PML

mutations cause the disrupted subnuclear structures, PML nuclear bodies (PML-NBs).

PML plays important roles in cell cycle regulation, cell survival and apoptosis. Inacti-

vation or down-regulation of PML is frequently found in cancer cells (Guan and Kao,

2015). The endogenous interaction between PML and Tet2 is identified in 293 T cells by

co-IP method. PML recruits TET2 to PML-NBs in response to th chemotherapeutic agent,

doxorubicin, to facilitate the 5hmC formation and re-activates the gene transcription in

PML-NBs (Song et al., 2018). The identification of interaction between PML and TET2

reveals a role of TET2-mediated 5mC oxidation in response to chemotherapeutic agents.

4. MBD3L2 (Methyl-CpG-binding domain protein 3-like 2)

MBD3L2 is a homolog of methyl-CpG-binding domain protein 3 (MBD3) but lack the

MBD domain. The physical protein interaction and cellular co-localization of TET2 and

MBD3L2 was identified in 293 T cells in the transient over-expression system and the

interaction occurs at the cysteine-rich dioxygenase domain of TET2 (Peng et al., 2016).

Importantly, MBD3L2 modulates both the enzymatic activity and DNA binding affinity
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of TET2 protein. Both in vitro TET2 enzymatic reaction with purified protein and in

vivo co-expression assay in 293 T cells show that additional expression of MBD3L2

can enhance the TET2-mediated 5hmC formation and genome-wide DNA modified base

mapping by both hMeDIP-seq and RRBS reveal the increase of 5hmC and decrease of

5mC in genomic regions co-bound by TET2 and MBD3L2. Electrophoretic mobility shift

assay (EMSA) experiments show that MBD3L2 can specifically enhance the binding

affinity of TET2 to the methylated DNA, and ChIP-qPCR also shows the increased TET2

binding to its targeted regions by co-expression of MBD3L2 in cells. In conclusion, the

discovery of the interaction between MBD3L2 and TET2 reveals a novel function of

interactor to module TET2 activity in addition to the DNA recruiting mechanism.

5. SNIP1 (The SMAD nuclear interacting protein 1)

SNIP1 was identified as a TET2 interactor via a mammalian two-hybrid screen assay

in searching for any human transcription factors or putative DNA-binding proteins that

can interact with TET2 and activate the luciferase reporter gene expression (Chen et al.,

2018). SNIP1 encodes a protein containing a forkhead-associated (FHA) domain and

nuclear localization signal (NLS). It is originally identified as the nuclear interactor of the

Smad family proteins and CBP/p300 in which SNIP1 inhibits the function and level of

CBP/p300 in nucleus (Kim et al., 2000). SNIP1 also physically interacts with c-Myc and

stabilizes the protein against proteosomal degradation and bridge the interaction between

c-Myc and p300 complex (Fujii et al., 2006). The endogenous interaction between TET2

and SNIP1 was confirmed in U2OS cells. SNIP1 interacts with TET2 protein via the

N-terminal domain of both proteins. SNIP1 can not bind to the full-length TET1 or TET3

proteins. However, SNIP1 itself has no direct DNA binding ability and usually interacts

with the other DNA binding proteins such as c-MYC, and further experiments confirm

the interaction between c-MYC and TET2 which is in SNIP1-dependent manner. TET2

is recruited by SNIP1 and promotes the DNA demethylation activity at the promoter

regions of c-MYC targeted genes which are associated with DNA damage response and

cell viability, suggesting a role of TET2-mediated DNA demethylation in maintaining

genome stability.
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6. PSPC1 (Paraspeckle Component 1)

Pspc1 was identified as a Tet2 interactor in mESCs and can recruit Tet2 to DNA in a

RNA-dependent manner (Guallar et al., 2018). Pspc1 itself is a RNA-binding protein

and binds to retrotransposon elements (RE). Interestingly, the recruitments of Tet2 to

Pspc1-bound RE transcripts such as mouse retroelement MERVL RNAs lead to the

formation of 5hmC in RNA and negatively regulate the RNA stability, resulting in their

degradation in mESCs. In all, Pspc1 is responsible for the recruitment of Tet2 to RNA

and the interaction offers a new role of Tet2 in affecting gene expression by its catalytic

activity on RNA stability control.

7. Transcription factors related to hematopoiesis:

Runx1 (runt-related transcription factor 1):

RUNX1 (also known as acute myelogenous leukemia-1 (AML1)) is originally identified

in the chromosome translocation events in acute myelogenous leukemia (Ichikawa et al.,

2013). RUNX1 is a transcription factor that binds to consensus DNA sequence TGTGGT

or TGCGGT and regulates the gene expression of hematopoietic-related genes, and it is

essential for the embryonic hematopoiesis since mice with Runx1 depletion show em-

bryonic lethality and have hematopoiesis defects (Okuda et al., 1996), whereas, RUNX1

negatively regulates the cell proliferation of HSCs and myeloid progenitors in adult

hematopoiesis. The interaction between Tet2 and Runx1 was identified by flag affinity

purification in murine erythroleukemia (MEL) cells with the stable expression of Flag-

Tet2 proteins (Chu et al., 2018). Runx1 DNA binding motifs were enriched in Tet2

ChIP-seq peaks in MEL cells. Luciferase reporter assay shows that Tet2 is involved in

the transcriptional regulation at Runx1-bound genes. However, the functional importance

of TET2 interaction with RUNX1 in TET2-associated hematopoietic processes remain

unknown.

8. Transcription factors related to cell reprogramming:

The interactions between TET2 and several transcription factors including C/EBPa, Klf4

and Tfcp211 have been recently identified in a study where they observed the function of
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TET2-mediated DNA demethylation in cell-fate regulation (Sardina et al., 2018). TET2-

dependent DNA demethylation is involved in the several cell reprogramming processes

including C/EBPa-enhanced B cell reprogramming into induced pluripotent cells (iPSCs),

and MEF cell reprogramming into iPSCs, and TET2 activity is also vital for the normal

hematopoietic cell differentiation such as B cell development and HSC differentiation

into myeloid lineage. The interaction between TET2 and C/EBPa was identified in Bα’

cells where C/EBPa recruits TET2 protein to highly methylated enhancers and leads to

the active DNA demethylation at pluripotency genes involved in cell fate transition of

B cell lineage. The interactions between the transcription factors Klf4, Tfcp211 and

Tet2 were discovered in mESC and the interactions are important for the gene regulation

activity of Tet2 on pluripotency genes in somatic cell reprogramming process. Klf4

recruits Tet2 to closed chromatin regions and induces the DNA demethylation at the

targeted genes. The recruitment of Tet2 to DNA by Tfcp211 is responsible for the DNA

demethylation at enhancer region of Nanog, which is a key pluripotency TF for successful

iPSC reprogramming. In all, the interaction between TET2 and transcription factors at

enhancer regions reveals a recruiting mechanism for understanding of TET2-mediated

DNA demethylation activity at enhancer regions.

Interactors that mediate post-translational modifications of TET2 protein:

1. CRL4VprBP (VprBP-DDB1-CUL4-ROC1 E3 ubiquitin ligase)

VprBP, also known as DCAF1(DDB1 and CUL4-associated factors 1), is involved in

the ubiquitination substrate recruiting for cullin-RING ligases 4 (CRL4) which belongs

to the eukaryotic E3 ubiquitin ligases family (Schabla et al., 2019). The endogenous

interaction between TET2 and VprBP was identified in mouse embryonic fibroblasts

(MEFs), mESCs, and human monocytes (Nakagawa et al., 2015). VprBP interacts with

catalytic domain (CD) of all three TETs. However the catalytic activity is not involved

in the interaction between VprBP and TET2 since the the catalytic activity-dead CD

mutant could still bind to VprBP. VprBP together with CUL4A and CUL4B catalyze

the monoubiquitination at the CD of all three TET and promote the TET2 binding to

unmethylated DNA, but with no effects on TET enzymatic activity. Importantly, several
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TET2 loss-of-function mutations from leukemia patients target the ubiquitination site of

TET2 and disrupt the interaction with VprBP, suggesting a function of VprBP-mediated

TET2 ubiquitination in inhibiting tumor growth.

2. P300

P300, the histone acetyltransferase (HAT), physically interacts with endogenous TET2

in human ovarian cancer cells and acetylates the lysine 110/111 in the N-terminal of

TET2, resulting in an increased TET2 enzymatic activity and enhanced TET2 protein

stability (Zhang et al., 2017). Importantly, the histone deacetylases HDAC1/2 which

physically interact with TET2 and deacetylate TET2 are often over-expressed in cancers

(Glozak and Seto, 2007). However, the interaction between HADC1/2 and TET2 is not

observed in other study (Sun et al., 2018), this might be explained by the differences

of cells used for interaction identification, where the other paper identified SIRT1 as a

unique TET2 deacetylase in human leukemic cells, MDS-L cells.

3. SIRT1 (Sirtuin 1)

TET2 was identified as an acetylated protein that could be deacetylated by SIRT1 in

leukemia cells derived from MDS patients (Sun et al., 2018). SIRT1 physically interacts

with the CD domain of TET2 protein. The deacetylation at TET2 lysine 1468/ 1472/ 1473/

1478 by SIRT1 results in enhanced TET2 catalytic activity suggesting a role of acetylation

in negative regulation of TET2 enzymatic activity. Importantly, SIRT1 is found down-

regulated in hematopoietic stem/progenitor cells (HSPCs) from MDS patients, which

might explain the observed decrease of 5hmC in leukemia patients with wild-type TET2

proteins.

Other interactors for TET2-involved gene regulation

1. OGT (O-linked b-N-acetylglucosamine (O-GlcNAc) transferase):

The interaction between OGT and TET2 has been identified in many cell types (Chen et al.,

2013; Deplus et al., 2013; Vella et al., 2013; Zhang et al., 2014). OGT catalyzes the O-

GlcNAcylation to the hydroxyl group of serine or threonine residues of many nuclear

and cytoplasmic proteins (Kreppel et al., 1997). Histone H2B GlcNAcylation mediated
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by OGT promotes gene activation by facilitating the H2BK120 monoubiquitination

(Fujiki et al., 2011). The interaction between TET2 and OGT was originally identified by

IP-MS in 293 T cells with the over-expression of the tagged TET2 proteins (Chen et al.,

2013; Deplus et al., 2013). The endogenous interaction between TET2 and OGT was

confirmed in mouse ESCs (Chen et al., 2013). The N-terminal of OGT interacts with

the catalytic domain of both TET2 and TET3 but not TET1 in 293 T cells (Chen et al.,

2013; Deplus et al., 2013). However, other study observed the interaction between Tet1

and Ogt in mouse ESCs and showed Tet1 was involved in the recruiting of Ogt to gene

promoter regions (Vella et al., 2013). More importantly, knock-down of TET2 impairs

the binding of OGT to its target (Chen et al., 2013). The interaction between TET2 and

OGT provides a recruiting mechanism for OGT binding to DNA by TET2 and leads to a

TET2-dependent histone H2B O-GlcNAcylation, This suggests a new role of TET2 in

gene activation. TET3 can be directly modified by OGT and the O-GlcNAcylation leads

to the cytoplasmic localization of TET3 proteins and impairs the normal TET3 enzymatic

activity (Zhang et al., 2014).

2. EBF1 (early B-cell factor 1)

EBF1 was identified as a TET2 interactor by searching for transcription factor binding

motifs enriched in hypermethylated regions in four types of human IDH-mutant containing

cancers including acute myeloid leukaemia (AML), low-grade glioma, cholangiocar-

cinoma (CC) and chondrosarcoma (CS) (Guilhamon et al., 2013). The endogenous

interaction between TET2 and EBF1 was validated in human chondrosarcoma cell line,

SW 1353. However the physical interaction mechanism and molecular function of TET2

and EBF1 in regulating TET2 DNA recruiting, enzymatic activity or DNA binding

affinity need to be further characterized and the authenticity of the interaction should be

carefully examined in other cell background and the biological relevance of interaction in

understanding of TET2 function in cancer development need to be explored.
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1.6.4 TET2 enzymatic activity regulators

Loss of 5hmC has been observed in many cancers including breast, liver, lung, glioblas-

toma, melanoma and blood cancers (Kudo et al., 2012; Turcan et al., 2012; Yang et al.,

2013). Although TET2 mutations are widely observed in many blood disorders, some

AML patients with wild-type TET2 also show similar decrease of 5hmC compared

to AML patients with TET2 mutation (Ko et al., 2013). Moreover, TET2 mutation is

rarely identified in solid tumors. These observations suggest there are some mechanisms

in cancer cells for regulating the TET2 enzymatic activity. A lot of factors including

microRNA, small molecules and proteins have been identified for TET2 enzymatic

activity regulation through various mechanisms.

TET2 gene expression regulators:

MicroRNAs (miRNAs) are small non-coding RNAs that downregulate the targeted

gene expression by affecting the mRNA stability and repressing the translation process.

Several miRNAs including miR-125b, miR-29b, miR-29c, miR-101, and miR-7, miR-22

have been identified that down-regulate TET2 expression and cause a cellular decrease

of 5hmC (Cheng et al., 2013; Song et al., 2013). Importantly, these TET2-associated

miRNAs have been found over-expressed in AML or MDS patients with wild-type TET2

protein which might explain the observed decrease of 5hmC in those patients. The

expression of TET2-associated miRNAs in mice also mimic the HSC expansion and

skewed myeloid differentiation phenotypes observed in Tet2-deficient mice. Mice with

the expression of miR-22 could develop a condition similar to human MDS (Song et al.,

2013). Retinoic acid (RA) or retinol (vitamin A) were reported that could enhance TET2/3

gene expression through RA receptor (RAR) binding to TET2 gene, and promote the

iPSCs cell reprogramming (Hore et al., 2016).

TET2 protein stability regulator:

The stability of TET2 proteins can be regulated by either the proteolytic systems or

by post-translational modifications. The degradation of TET2 protein by caspase was

observed during the characterization of the protein interaction between IDAX and TET2
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(Ko et al., 2013). Surprisingly, the expression of IDAX in cells leads to the degradation

of TET2 protein which requires the activation of caspase 3 and caspase 8 activities.

Protease systems inhibitor treatment experiments revealed the calpains-dependent protein

degradation for all three Tet proteins in mouse ESCs (Wang and Zhang, 2014). Calpain 1

is suggested to regulate the protein turnover of Tet1 and Tet2 in mESCs since calpain1

depletion leads to an increased Tet1 and Tet2 protein levels in mESCs, whereas, calpain 2

is responsible for the Tet3 protein control in differentiated cells as a result of increased

Tet3 observed in calpain2 knockout embryonic body. However the calpains or caspase-

mediated protein degradation was not observed in a recent study where the ubiquitin-

proteasome pathway was responsible for the TET2 protein degradation in human ovarian

carcinoma cells (A2780) and human colorectal carcinoma cells (HCT116) (Zhang et al.,

2017 ). The observation of different protein degradation pathways in regulating TET2

protein level in different cells might suggests a cell-type specific mechanism in controlling

TET2 protein level. Several studies have recently reported the positive regulation of TET2

protein stability by AMP-activated kinase (AMPK)-mediated TET2 phosphorylation

(human TET2 serine 99/ mouse Tet2 serine 97), which lead to an increase 5hmC level

in cells (Wu et al., 2018; Zhang et al., 2019). 14-3-3 phosphorylated serine/threonine-

binding proteins bind to the phosphorylated TET2 and further enhance the protein stability

by protecting it from the dephosphorylation by protein phosphatase 2A at human TET2

serine 99 (Kundu et al., 2020; Zhang et al., 2019).

Tet2 enzymatic activity co-factors or inhibitors 2-oxoglutarate (2-OG), a TET2 enzy-

matic activity cofactor, is produced via the IDH enzymes-mediated oxidative decarboxyla-

tion of isocitrate. Gain-of-function IDH1/2 mutants abrogate the 2-OG formation, instead,

mutant IDH produces 2-hydroxyglutarate (2-HG) (Tommasini-Ghelfi et al., 2019). 2-HG

is a structure analog of 2-OG. 2-HG competes with 2-OG and inhibits the enzymatic

activity of TET2 and other 2-OG-dependent dioxygenases such histone demethylases

(Xu et al., 2011a). Human gliomas and leukemia cells with mutant IDH show an increased

global 5mC level (Figueroa et al., 2010; Tommasini-Ghelfi et al., 2019; Turcan et al.,

2012). The expression of 2-HG-producing IDH1/2 mutant or the depletion of Tet2 in

mouse primary bone marrow cells result in similar hematopoietic phenotypes including



1. Introduction 55

the increased c-Kit+ population and impaired myeloid differentiation (Figueroa et al.,

2010).

Ascorbate (Vitamin C) functions as a co-factor of Fe2+/ 2-OG-dependent dioxygenases

(Loenarz and Schofield, 2008), to enhance the TET enzymatic activity and lead to an

increased global 5hmC in cells (Blaschke et al., 2013). However, ascorbate can not

induce the DNA modification changes in regions resistant to DNA demethylation changes

such as imprinted regions and retro-elements. Importantly, ascorbate treatments enhance

AML cell death by increasing its sensitivity to Poly ADP ribose polymerase (PARP)

inhibition which is developed to increase tumor sensitivity to DNA damage induced by

chemotherapy (Cimmino et al., 2017). This provides a therapeutic possibility of ascorbate

in cancer treatment.

TET2 enzymatic activity can also be regulated by post-translational modifications. P300-

catalyzed acetylation on TET2 lysine 110/111 enhance the enzymatic activity of TET2

(Zhang et al., 2017). Interestingly, the SIRT1-mediated TET2 deacetylation on lysine

1468/1472/1473/478 can also promote the enzymatic activity of TET2 (Sun et al., 2018).

These results might suggest acetylation on the N-terminal and C-terminal of TET2 protein

lead to different consequence in TET2 enzymatic activity control.

1.7 Discussion

Current studies about TET2 focus on its function particularly in hematopoietic-relevant

processes since the important role of TET2 activity in inhibiting human hematopoietic

malignancies and affecting mouse hematopoietic stem cell self-renewal and myeloid

lineage differentiation. Elucidating the mechanisms by which TET2 affects the gene

expression in physiological hematopoietic cells hold the key to our understanding of the

disease mechanisms after TET2 loss of function in human hematopoietic disorders. Many

studies have linked TET2-mediated DNA demethylation activity to its gene regulation

function. Particularly, mouse hematopoietic/non-hematopoietic cells with Tet2 deple-

tion and human leukemia cells with TET2 mutations exhibit a DNA hypermethylation

phenotype at enhancer regions (Hon et al., 2014; Lu et al., 2014; Rampal et al., 2014;
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Rasmussen et al., 2015). Several Tet2-depleted mouse models have been generated and

used for the study of Tet2-mediated gene regulation activity in hematopoietic system.

Recent studies by Rasmussen and colleagues reported that Tet2 loss leads to the DNA

hypermethylation at enhancers in mouse primary hematopoietic cells (GMP cells), thus

alters the transcription factors binding at those distal regulatory elements by affecting

the chromatin accessibility via the DNA demethylation activity (Rasmussen et al., 2015,

2019). However, the cells used in their study are derived from a Tet2-deficient human

AML mouse model where additional expression of human oncogene AML1-ETO is

used to facilitate the disease progression. As is indicated in this study, the expression of

AML1-ETO could also contribute to the gene expression changes and DNA methylation

alterations in the GMP cells, which might affect the accuracy in interpretation of TET2

alone-mediated gene regulation in hematopoiesis.

Another open question regarding to TET2 is its DNA recruiting mechanism and since

the lack of clear DNA binding domain, TET2 is suggested to bind its targeted sites via

the interactions with other DNA binding partners. Although several TET2 interactors

have been identified, little is known about the function relevance of TET2 interactions

in hematopoietic background since most of the interaction characterization was done

in hematopoietic-irelavant cells. Currently there is no TET2 interactome screening

done in physiological hematopoietic cells as a result of the limited availability of the

primary hematopoietic stem cells/progenitor cells (HSC/HSPC). Further discovery of

hematopoietic-relevant TET2 interactors would be useful to facilitate our understanding

of TET2-involved cellular processes and the mechanism by which TET2 mutation leads

to tumorigenesis.

1.8 Aims of the study

The overall aim of this study is to elucidate the molecular mechanism by which Tet2

exerts its function in gene regulation in a hematopoietic context. The first goal was to

identify Tet2 targets which its expression was affected by Tet2 activity and exhibited

direct Tet2 binding. The second goal was to explore the possible mechanisms of Tet2
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function in gene regulation via dissecting the role of Tet2 binding in gene regulation and

understanding the contribution of Tet2-mediated DNA demethylation in gene regulation.

The third goal was to identify molecular partners of Tet2 in the hematopoietic context,

thus give us some better insights in understanding the way by which Tet2 gets involved in

cellular processes, especially those related to hematopoiesis.

To study Tet2 function in a hematopoietic context, I utilized the mouse hematopoietic

progenitor cells, HPC-7, as the cell line model to systematically characterize Tet2 function

in gene regulation. Tet2-KO HPC-7 cells were generated using CRISPR-Cas9 and the cell

differentiation phenotype of the Tet2-KO cells was characterized in Chapter 3. To identify

genes targeted by Tet2 activity, transcriptomics profiling of Tet2-KO cells versus WT cells

was performed to discover genes affected Tet2 deficiency (Chapter 4.2.1), Tet2 genomic

binding mapping was combined in order to identify genes whose expression were directly

regulated by Tet2 binding (Chapter 4.2.3 and 4.2.4). To assess the function of Tet2-

mediated DNA demethylation in Tet2-associated gene regulation, TAPS-β analysis was

used to reveal the DNA methylation changes caused by Tet2 deficiency (Chapter 4.2.5).

The relationship between DNA demethylation and gene regulation would be discussed in

Chapter 4.2.7. In addition, I also characterized the genomic features of Tet2 binding sites

in HPC-7 cells in Chapter 4.2.3 and 4.2.7.

Prior to the mapping of Tet2 molecular partners in the hematopoietic context (HPC-7), I

did a few attempts in optimisations of the protein-protein interaction mapping method

(Chapter 5.2.1) and stable gene expression methods in HPC-7 cells (Chapter 5.2.2).

Finally, the classical anti-HA IP-MS approach was performed to discover the novel Tet2

interactors in HPC-7 context (Chapter 5.2.3 and 5.2.4). The validation of the newly

identified Tet2 interacting partners would be introduced in Chapter 6.
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2.1 Materials

2.1.1 Plasmids

The following plasmids were used in this study. (Table2.1).

Table 2.1: Plasmids used in this study.

Plasmid Backbone Insert Source
pSpCas9(BB)-2A-GFP PX458 SpCas9-2A-GFP Addgene 48138
pSpCas9-Tet2-sgRNA1-2A-
GFP

PX458 Tet2 sgRNA-1 This study

pSpCas9-Tet2-sgRNA2-2A-
GFP

PX458 Tet2 sgRNA-2 This study

pcDNA3-Flag-Tet2 pcDNA3 mouse Flag-Tet2 FL Addgene 60939
pEF-FH-Tet2 pEF1a mouse Flag-HA Tet2 FL Addgene 41710
pcDNA3-Flag-Tet2-corrected pcDNA3-Flag-Tet2

(Addgene 60939)
mouse Tet2 FL This study

pcDNA3-Flag-Tet2(N1040) pcDNA3 mouse Tet2 first 1040 aa This study
pcDNA3-Flag-Tet2(CD) pcDNA3 mouse Tet2 catalytic domain This study
pcDNA3-BirA (R118G) pcDNA3 BirA R118G mutant Gyrd-Hansen

lab
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Continuation of Table 2.1
pcDNA3-Flag-APEX2-NES pcDNA3 APEX2 Gyrd-Hansen

lab
pcDNA3-Flag-mTet2-BirA pcDNA3 mouse Tet2-BirA This study
pcDNA3-BirA-Flag-mTet2 pcDNA3Flag-

Tet2(Addgene60939)
BirA-mouse Tet2 This study

pcDNA3-Flag-mTet2-APEX2 pcDNA3 mouse Tet2-APEX2 This study
pcDNA3-APEX2-Flag-mTet2 pcDNA3Flag-

Tet2(Addgene60939)
APEX2-mouse Tet2 This study

pCMV-Gag-Pol pCMV Gag-Pol Kriaucionis lab
MSCV-IRES-GFP MSCV GFP Addgene 20672
MSCV-Flag-HA-Tet2-IRES-
GFP

MSCV-IRES-GFP Flag-HA mouse Tet2 FL This study

MSCV-APEX2-Flag-Tet2-
IRES-GFP

MSCV-Flag-HA-Tet2-
IRES-GFP

APEX2-mouse Tet2 FL This study

MSCV-APEX2-Flag-3xNLS-
IRES-GFP

MSCV APEX2-Flag-3xNLS This study

pPB CAG-rtTA-IRES-Neo Piggybac Transposon reverse tetracycline transactiva-
tor (rtTA)

Goding lab

pPB transposase Piggybac Transposon transposase Goding lab
pPB-TetON-MCS-3xHA Piggybac Transposon tetracycline response element Goding lab
pDONR221 pDONR221 Pavel Savitsky

(Oxford)
pPB-CMV-TetON-3XHA-
DEST

Piggybac Transposon tetracycline response element Pavel Savitsky
(Oxford)

pENTR221-Tet2 pDONR221 mouse Tet2 FL This study
pPB-TetON-Flag-HA-Tet2 pPB-TetON-MCS-

3xHA
mouse Tet2 FL This study

pPB-TetON-3xHA-Tet2 pPB-CMV-TetON-
3XHA-DEST

mouse Tet2 FL This study

Suz12 (NM-199196) Mouse
ORF Clone

pCMV6-Entry Suz12 Origene
MR210406

Ezh2 (NM-007971) Mouse
ORF Clone

pCMV6-Entry Ezh2 Origene
MR210436

Rbbp7 (NM-009031) Mouse
ORF Clone

pCMV6-Entry Rbbp7 Origene
MR206775

Ppp1r9b (NM-172261) Mouse
ORF Clone

pCMV6-Entry Ppp1r9b Origene
MR222264

Ifi204 (NM-008329) Mouse
ORF Clone

pCMV6-Entry Ifi204 Origene
MR222527

Alyref (NM-011568) Mouse
ORF Clone

pCMV6-Entry Alyref Origene
MR220236

Noc2l (NM-021303) Mouse
ORF Clone

pCMV6-Entry Noc2l Origene
MR217828

pCMV-Noc2l-3HA pCMV Noc2l-3HA This study
pCMV-Alyref-3HA pCMV Alyref-3HA This study
pCMV-Suz12-3HA pCMV Suz12-3HA This study
pCMV-Ezh2-3HA pCMV Ezh2-3HA This study
pcDNA3-3HA-Ppp1r9b pcDNA3 3HA-Ppp1r9b This study
pcDNA3-3HA-Rbbp7 pcDNA3 3HA-Rbbp7 This study

2.1.2 Antibodies

The following antibodies were purchased and used in this study (Table2.2).
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Table 2.2: Primary and secondary antibodies .

Primary antibodies
Antibody Supplier Catalog number Application Dilution
anti-Tet2, clone 9F7 Sigma-Aldrich MABE1132 WB, ChIP, IF,

(used for all
the murine
Tet2 protein
detection
unless with
specific
indication)

WB:1:1000;
IF:1:500

anti-Tet2, clone hT2H 21F11 Sigma-Aldrich MABE462 ChIP
anti-Tet2 (D9K3E) Cell Signalling 92529S WB, ChIP WB: 1:1000
anti-Tet2 Abcam abcam 94580 WB, ChIP
anti-Tet2 Abcam abcam 124297 WB, ChIP
anti-TET2 Bethyl A304-247A IP
anti-TET2 Active motif 61389 WB 1:1000
anti-HA (C29F4) Cell signalling 3724S WB, IP, ChIP WB: 1:1000
anti-Flag M2 Sigma-Aldrich F3165 WB 1:1000
anti-Flag M2 Sigma-Aldrich F1804 WB, IF WB:1:1000;

IF:1:2000
Rabbit (DA1E) IgG Cell signalling 3900S IP
Rabbit IgG Abcam ab27478 IP
Normal mouse IgG Sigma-Aldrich 12-371 IP
anti-OGT Abcam 96718 WB 1:500
anti-WT1 Santa-cruz sc-192 WB 1:100
anti-TBP, 3TF1-3G3 Active Motif 61329 WB 1:1000
anti-CTCF Millipore 07-729 ChIP
anti-Ppp1r9b Cell signalling 14136S WB, IP WB:1:1000
anti-Coro1c Proteintech 14749-1-AP WB 1:1000
anti-Noc2l abcam ab75047 WB 1:1000
anti-Fyb1 Sigma-Aldrich 07-546 WB, IP WB: 1:1000
anti-Suz12 Cell signalling 3737 WB, IP WB: 1:1000
anti-Ezh2 Cell signalling 5246 WB, IP WB: 1:3000
anti-Rbbp7 Santa Cruz sc-377197 WB 1:1000
anti-Rbbp7 Proteintech 20365-1-AP IP
anti-Ddx50 Abcam ab109515 WB 1:1000
anti-Rae1 Abcam ab36139 WB 1:1000
anti-Rfc5 Santa Cruz sc-376528 WB 1:1000
anti-Lima1 Santa Cruz sc-136399 WB 1:1000
anti-Vrk1 Santa Cruz sc-271061 WB 1:1000
anti-Ifi204 Novus Biologicals NBP2-27153SS WB 1:500
anti-Alyref Abcam ab202894 WB, IP WB: 1:10000
anti-Osbpl8 Novus Biologicals NBP1-59815 WB 1:1000
anti-Esf Proteintech 123496-1-AP WB 1:1000
Streptavidin-HRP Invitrogen S911 WB 1:2000 RT for 2

h
Streptavidin, Alexa Fluor® 488
Conjugate

Invitrogen S32354 IF 1:1000

Flow cytometry antibodies
Antibody Supplier Catalog number Application Dilution
anti-mouse CD34, FITC
(RAM34)

eBioscience 11-0341-81 Flow Cyt 1:1000

anti-mouse CD44, APC (IM7) eBioscience 17-0441-81 Flow Cyt 1:1000
anti-mouse CD29, PE (HMb1-
1)

eBioscience 12-0291-81 Flow Cyt 1:1000
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Continuation of Table 2.2
Antibody Supplier Catalog number Application Dilution
anti-mouse CD117 (c-Kit), PE-
Cyanine7 (2B8)

eBioscience 25-1171-81 Flow Cyt 1:30000

anti-mouse CD3e, PE eBioscience 12-0031-81 Flow Cyt 1:500
anti-Mouse CD45R/B220, PE BD Biosciences 561878 Flow Cyt 1:5000
anti-Mouse TER-119, PE BD Biosciences 561071 Flow Cyt 1:1000
anti-mouse CD19, PE (MB19-
1)

eBioscience 12-0191-81 Flow Cyt 1:5000

anti-mouse CD11b, PerCP/
Cy5.5

Biolegend 101227 Flow Cyt 1:1000

anti-mouse F4/80, APC Biolegend 123115 Flow Cyt 1:1000
anti-mouse Ly-6G/Ly-6C (Gr-
1), Brilliant Violet 421

BioLegend 108433 Flow Cyt 1:300

Purified Rat Anti-Mouse
CD16/CD32 (Mouse BD Fc
Block)

BD Biosciences 553141 Flow Cyt

Secondary antibodies
Antibody Supplier Catalog number Application Dilution
Alexa Fluor 546 Donkey anti-
mouse IgG (H+L)

Invitrogen A11003 IF 1:1000

Alexa Fluor 647 Goat anti-Rat
IgG (H+L)

Invitrogen A21247 IF 1:1000

Goat Anti-Rabbit IgG (H+L)-
HRP Conjugate

Bio Rad 1706515 WB 1:10000

Goat Anti-Mouse IgG (H+L)-
HRP Conjugate

Bio Rad 1706516 WB 1:10000

Goat anti Rat IgG (H/L)-HRP Bio Rad 5204-2504 WB 1:10000

2.1.3 Cell lines

The following cell lines were used in this study(Table2.3)

Table 2.3: Cell line used in this study.

Cell line Source
293T Kriaucionis lab
ES-J1 Kriaucionis lab
Plat-E (Platinum-E ) Kriaucionis lab
DF-1 (Doug Foster strain 1) Alison Turner, Jenner Insti-

tute(Oxford)
CHO-K3 Kriaucionis lab
HPC-7 Kriaucionis lab
HPC-7 Tet2-KO clone 1-3 This study
HPC-7 Tet2-KO clone 1-8 This study
HPC-7 Tet2-KO clone 2-1 This study
HPC-7 Tet2-KO clone 2-7 This study
HPC-7 Tet2-KO clone 2-9 This study
HPC7 Flag-HA-Tet2 FL This study
HPC7 APEX2-Flag-Tet2 FL This study
HPC7 APEX2-3 x NLS This study
HPC7 Tet2-KO 2-1/ Tet-On Flag-HA-Tet2 FL This study
HPC7 Tet2-KO 2-1/ Tet-On 3x HA-Tet2 FL This study
HPC7 Tet2-KO 2-7/ Tet-On Flag-HA-Tet2 FL This study
HPC7 Tet2-KO 2-7/ Tet-On 3x HA-Tet2 FL This study
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Cell lines constructed in this study and its construction method were listed in (Table2.4)

Table 2.4: Cell line constructed in this study.

Cell line Construction
method

Vector Parental Stable
selection

HPC-7 Tet2-KO clone 1-3 CRISPR-Cas9 pSpCas9-Tet2-
sgRNA1-2A-GFP

HPC-7

HPC-7 Tet2-KO clone 1-8 CRISPR-Cas9 pSpCas9-Tet2-
sgRNA1-2A-GFP

HPC-7

HPC-7 Tet2-KO clone 2-1 CRISPR-Cas9 pSpCas9-Tet2-
sgRNA2-2A-GFP

HPC-7

HPC-7 Tet2-KO clone 2-7 CRISPR-Cas9 pSpCas9-Tet2-
sgRNA2-2A-GFP

HPC-7

HPC-7 Tet2-KO clone 2-9 CRISPR-Cas9 pSpCas9-Tet2-
sgRNA2-2A-GFP

HPC-7

HPC7 Flag-HA-Tet2 FL Retrovirus MSCV-Flag-HA-Tet2-
IRES-GFP

HPC-7 GFP

HPC7 APEX2-Flag-Tet2 FL Retrovirus MSCV-APEX2-Flag-
Tet2-IRES-GFP

HPC-7 GFP

HPC7 APEX2-3 x NLS Retrovirus MSCV-APEX2-Flag-
3xNLS-IRES-GFP

HPC-7 GFP

HPC7 Tet2-KO 2-1/ Tet-On
Flag-HA-Tet2 FL

PiggyBac
Transposon

pPB-TetON-Flag-HA-
Tet2

HPC-7 Puromycin
(0.5
µg/mL)

HPC7 Tet2-KO 2-1/ Tet-On 3x
HA-Tet2 FL

PiggyBac
Transposon

pPB-TetON-3xHA-
Tet2

HPC-7 Puromycin
(0.5
µg/mL)

HPC7 Tet2-KO 2-7/ Tet-On
Flag-HA-Tet2 FL

PiggyBac
Transposon

pPB-TetON-Flag-HA-
Tet2

HPC-7 Puromycin
(0.5
µg/mL)

HPC7 Tet2-KO 2-7/ Tet-On 3x
HA-Tet2 FL

PiggyBac
Transposon

pPB-TetON-3xHA-
Tet2

HPC-7 Puromycin
(0.5
µg/mL)

2.1.4 Buffers

The following buffers were made and used in this study(Table2.5)

Table 2.5: Homemade buffers used in this study.

Buffer Composition
TAE buffer 40 mM Tris base, 2 mM EDTA, 20 mM acetic acid, pH 8.5
SDS running buffer 25 mM Tris base, 192 mM Glycine, 0.1% SDS, pH 8.3
Transfer buffer 25 mM Tris, 192 mM glycine, pH 8.3, 20% methanol (vol/vol)
TBST buffer 20 mM Tris, 150 mM NaCl, 0.05% Tween 20. Adjust pH with

HCl to pH 7.4
2 x SDS loading buffer 125 mM Tris-HCl, pH 6.8, 4% (g/mL) SDS, 0.05% (g/mL)

bromophenol blue, 10% (mL/mL) ß-mercaptoethanol, 20%
(mL/mL) glycerol

5 x SDS loading buffer 200 mM Tris-HCl pH 6.8, 400mM DTT, 8% SDS, 0.4% bro-
mophenol blue, 40% glycerol

2x HBS 280 mM NaCl, 50 mM HEPES, 1.5 mM Na2HPO4 12 mM
Glucose, 10 mM KCl, pH 6.96

Quencher solution DPBS containing 10 mM sodium ascorbate, 10 mM sodium
azide, and 5 mM Trolox
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Continuation of Table 2.5
Buffer Composition
Whole cell lysis buffer 150 mM NaCl,1 mM EDTA, 10 mM Tris-HCl pH 8.0, 0.5%

NP-40, 1x Roche protease inhibitor cocktails EDTA-free, 1 mM
PMSF, 100 Units Benzonase (SGC home-made)

Sucrose cell lysis buffer 320 mM sucrose, 10 mM Tris pH 8.0, 50 mM KCl, 20 mM
NaCl, 3 mM CaCl2, 2 mM MgCl2, 0.2 % NP-40, 1 mM
Dithiothreitol(DTT), 0.15 mM spermine, 0.5 mM spermidine,
1x Roche protease inhibitor

Low salt buffer 10 mM Hepes pH 7.9, 20% glycerol, 20 mM KCl, 2 mM MgCl2,
0.5 mM DTT, 1x Roche protease inhibitor, 1x Roche PhosSTOP
phosphatase inhibitor

High salt buffer 10 mM Hepes pH 7.9, 20% glycerol, 700 mM KCl, 2 mM
MgCl2, 0.5 mM DTT, 1x Roche protease inhibitor, 1x Roche
PhosSTOP phosphatase inhibitor

Streptavidin pull-down wash
buffer

20 mM Tris pH 8, 250 mM KCl, 2 mM MgCl2, 10% glycerol,
1 mM DTT, 1 x PhosSTOP phosphatase inhibitor, 1 x protease
inhibitor cocktail

mTet1 CD oxidation buffer 167 mM HEPES pH8.0, 333 mM NaCl, 3.3 mM α-Ketoglutaric
acid, 6.67 mM L-Ascorbic acid, 4 mM ATP, 8.33 mM DTT

Buffer LB1 50 mM HEPES KOH pH 7.9, 140mM NaCl, 1 mM EDTA, 10%
Glycerol, 0.25% NP40, 0.25% Triton X-100

Buffer LB2 10 mM Tris-HCl pH 8.0, 200 mM NaCl, 1 mM EDTA, 0.5 mM
EGTA

Buffer LB3 10 mM Tris-HCl pH 8.0, 100 mM NaCl, 1 mM EDTA, 0.5 mM
EGTA, 0.1% sodium deoxycholate, 0.5% N- lauroylsarcosine

Chromatin Dilution Buffer 20 mM Tris, pH 8.0, 150 mM NaCl, 1% Triton X-100, 1 mM
EDTA

ChIP-Low Salt Buffer 20 mM Tris pH 8.0, 150 mM NaCl, 0.1% SDS, 1% Triton X-
100, 2 mM EDTA

CHIP-High Salt Buffer 50 mM HEPES pH7.5, 500 mM NaCl, 0.1% deoxycholic acid,
1% Triton X-100 and 1 mM EDTA

Lithium Chloride Buffer 10 mM Tris pH 8.0, 250 mM LiCl, 1% deoxycholic acid, 1%
NP-40 and 1 mM EDTA

TE Buffer 10 mM Tris-HCl pH 8.0, 1 mM EDTA
ChIP-Elution Buffer 1% SDS and 0.1 M NaHCO3

2.2 Molecular cloning

The following plasmids were cloned by using the strategies illustrated in the table (2.6).

Table 2.6: Plasmids cloned in this study.

Plasmid Backbone Insert Cloning
method

pSpCas9-Tet2-sgRNA1-2A-
GFP

PX458 Tet2 sgRNA-1 Restriction en-
zyme ligation

pSpCas9-Tet2-sgRNA2-2A-
GFP

PX458 Tet2 sgRNA-2 Restriction en-
zyme ligation

pcDNA3-Flag-Tet2-corrected pcDNA3 Flag-Tet2
(Addgene 60939)

mouse Tet2 FL Restriction en-
zyme ligation

pcDNA3-Flag-Tet2(N1040) pcDNA3 mouse Tet2 first 1040
aa

Restriction en-
zyme ligation

pcDNA3-Flag-Tet2(CD) pcDNA3 mouse Tet2 catalytic
domain

Restriction en-
zyme ligation
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Continuation of Table 2.6
Plasmid Backbone Insert Cloning

method
pcDNA3-Flag-mTet2-BirA pcDNA3 mouse Tet2-BirA Restriction en-

zyme ligation
pcDNA3-BirA-Flag-mTet2 pcDNA3 Flag-

Tet2(Addgene60939)
BirA-mouse Tet2 Gibson assem-

bly
pcDNA3-Flag-mTet2-APEX2 pcDNA3 mouse Tet2-APEX2 Restriction en-

zyme ligation
pcDNA3-APEX2-Flag-mTet2 pcDNA3 Flag-

Tet2(Addgene60939)
APEX2-mouse Tet2 Gibson assem-

bly
MSCV-Flag-HA-Tet2-IRES-
GFP

MSCV-IRES-GFP Flag-HA mouse Tet2
FL

Restriction en-
zyme ligation

MSCV-APEX2-Flag-Tet2-
IRES-GFP

MSCV-Flag-HA-Tet2-
IRES-GFP

APEX2-mouse Tet2 FL Gibson assem-
bly

MSCV-APEX2-Flag-3xNLS-
IRES-GFP

MSCV-IRES-GFP APEX2-Flag-3xNLS Restriction en-
zyme ligation

pENTR221-Tet2 pDONR221 mouse Tet2 FL Gateway
cloning

pPB-TetON-Flag-HA-Tet2 pPB-TetON-MCS-
3xHA

mouse Tet2 FL Restriction en-
zyme ligation

pPB-TetON-3xHA-Tet2 pPB-CMV-TetON-
3XHA-DEST

mouse Tet2 FL Gateway
cloning

pCMV-Noc2l-3HA pCMV-Noc2l 3xHA Gibson assem-
bly

pCMV-Alyref-3HA pCMV-Alyref 3xHA Gibson assem-
bly

pCMV-Suz12-3HA pCMV-Suz12 3xHA Gibson assem-
bly

pCMV-Ezh2-3HA pCMV-Ezh2 3xHA Gibson assem-
bly

pcDNA3-3HA-Ppp1r9b pcDNA3 3HA-Ppp1r9b Restriction en-
zyme ligation

pcDNA3-3HA-Rbbp7 pcDNA3 3HA-Rbbp7 Restriction en-
zyme ligation

2.2.1 Polymerase chain reaction

Phusion High-Fidelity DNA Polymerase (NEB, M0530L) was used for the amplification

of most of the inserts for cloning according to the manufacturer’s instructions. 50 µL

PCR reactions were set up on ice as follows: 10 ng of plasmid template DNA, 2.5 µL

10 µM forward primer, 2.5 µL 10 µM reverse primer, 1 µL 10 mM dNTPs, 10 µL 5X

Phusion HF, 0.5 µL Phusion DNA Polymerase and nuclease-free H2O. Primers used for

the construction of vectors based on restriction enzyme ligation method were shown in

table (2.7). Samples were run in Veriti Thermal Cycler (4375786,Applied Biosystems)

with following programs: initial denaturation at 98oC for 30 s, denaturation at 98oC for 10

s, annealing reaction for 30 s, extension at 72oC for 30 s/kb, final extension at 72oC for 10

min, 30 cycles were used. Successful amplification was examined by loading 5 µL PCR
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products on 1% agarose gel and running in TAE buffer in the horizontal electrophoresis

system (1704401, Biorad) at 120 V for 40 min. Gel was visualized using Chemidoc

(Bio-Rad, XRS). PCR products were purified using NucleoSpin Gel and PCR Clean-up

kit (740609, Macherey-Nagel). Purified PCR products were used for following restriction

enzyme digestion or stored at -20oC.

Table 2.7: Primers used in restriction enzyme ligation cloning.

Primer
pair

Sequence Target Template Plasmid cloned RE

SK4420 GGTGGTTCCGGACTAAGTGATAAT
GG

Tet2 first 1040
aa

pEF-FH-Tet2 pcDNA3-Flag-
Tet2(N1040)

BspEI
NotI

SK4421 GGTGGTGCGGCCGCTCATTCACCA
GGAGTATCTGATT

SK4422 GGTGGTGAATTCGCCCTTTACAA
AGTCAGAATGGCAAATGT

Tet2 catalytic
domain

pEF-FH-Tet2 pcDNA3-Flag-
Tet2(CD)

EcoRI

SK4423 GGTGGTGAATTCTATCATACAAA
TGTGTTGTAAGG

SK1900 GGTGGTCTCGAGCAATTGGGCGGT
GGAGGTATGAGCAGAGCCGCCAT-
CAACAAG

BirA pcDNA3-BirA
(R118G)

pcDNA3-Flag-
mTet2-BirA

XhoI
XbaI

SK1901 GGTGGTTCTAGATCAAGCCTTCTC
TGCGCTTCTCAGG

SK1898 GGTGGTCTCGAGCAATTGGGCGGT
GGAGGTGGAAAGTCTTACC-
CAACTGTGAGTG

APEX2 pcDNA3-Flag-
APEX2-NES

pcDNA3-Flag-
mTet2-APEX2

XhoI
XbaI

SK1899 GGTGGTTCTAGATCAGGCATCAGC
AAACCCAAGCTCG

SK3037 GGTGGTGAATTCGCCACCATGGG
AAAGTCTTACCCAAC

APEX2 pcDNA3-Flag-
mTet2-APEX2

MSCV-
APEX2-Flag-
3xNLS-IRES-
GFP

EcoRI
XhoI

SK3038 GGTGGTCTCGAGTCACACCTTCCT
CTTCTTCTTGGGGTCCACCTTC-
CTCTTCTTCTTGGGGTCCAC-
CTTCTCTTCTTCTTGGGGCCGTTAC
TAGTGGATCC

- - Flag-HA-Tet2 pEF-FH-Tet2 pPB-TetON-
Flag-HA-Tet2

SpeI
NotI

- - Flag-HA-Tet2 pEF-FH-Tet2 MSCV-Flag-
HA-Tet2-IRES-
GFP

EcoRI

SK4426 GGTGGTGGATCCATGGCGAGTAAA
GAGATG

Rbbp7 pCMV-Rbbp7 pcDNA3-
3xHA-Rbbp

BamHI
NotI

SK4427 GGTGGTGCGGCCGCTCAAGATCCT
TGCCCCTCCAGTT

SK4430 GGTGGTGAATTCGGATCCATGATG
AAGACGGAGCCTCG

Rbbp7 pCMV-
Ppp1r9b

pcDNA3-
3xHA-Ppp1r9b

EcoRI

SK4431 GGTGGTGAATTCTCAAGTAGAATT
GGAGTTCCTCA
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2.2.2 Restriction enzyme digestion and dephosphorylation

1 µg purified PCR products or 1 µg cloning vector were digested with desired restric-

tion enzymes (New England Biolabs) at 37oC for 1h according to the manufacturer’s

instructions. For single enzyme digestion, digested vector was dephosphorylated using

calf intestinal phosphatase (CIP) (M0290, New England Biolabs) at 37°C for 30 min

before purification. Digested PCR products were purified using NucleoSpin Gel and PCR

Clean-up kit. Digested vector was run on an agarose gel and the desired vector fragment

was purified using NucleoSpin Gel and PCR Clean-up kit.

2.2.3 Ligation with T4 DNA ligase

100 ng linearized vector DNA was ligated to the PCR products using a molar ratio of 1:5

(vector to insert DNA). Ligation reaction was set up using 1 µL T4 DNA ligase (M0202,

New England Biolabs) in a final 20 µL volume and incubated at room temperature for 1 h

or 16oC overnight.

2.2.4 Bacterial transformation

Ligation product was transformed to into the DH5α competent bacterial cells as follows:

Competent cells were thawed on ice for 10 min before use. For each transformation, 5

µL ligation products were added into 100 µL competent cells and incubated on ice for 30

min, followed by heat-shock at 42oC for 30 s, and ice incubation for 2 min. Transformed

bacterial cells were added with 700 µL S.O.C media (15544034, Invitrogen) and grown

at 37oC for 1 h. 200 µL bacteria culture was plated on a pre-warmed LB agar plate

supplemented with antibiotics. 100 µg/mL were used for Ampicillin plates and 50 µg/mL

were for Kanamycin plates. Bacteria were grown at 37 oC overnight. Bacteria colonies

were grown in 2 mL LB media supplemented with antibiotics at at 37oC overnight,

followed by plasmid purification using QIAprep Spin Miniprep Kit (27104, Qiagen).

Plasmids were sent for sanger sequencing in Eurofins Genomics.
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2.2.5 Gibson assembly

Vector was linearized by restriction enzyme digestion and linearized vector was assembled

with corresponding PCR amplified-DNA fragments using the NEBuilder HiFi DNA

Assembly cloning kit (E5520S, New England Biolabs) according to the manufacturer’s

instructions. Information about DNA fragments and restriction enzymes were listed in

table(2.8). Briefly, 100 ng linearized vector was used in a 20 µL reaction and assembled

with 1-2 DNA fragments using a molar ratio of 1:2 (vector to insert DNA). A molar ratio

of 1:1 was used for 4-6 fragments assembly. 10 µL 2x HiFi DNA Assembly Master Mix

was added and incubated at 50oC for 1 h. 2 µL assembly products were transformed to

the NEB 5-alpha Competent E. coli or stored at -20oC.

Table 2.8: Primers used in Gibson assembly DNA fragments amplification .

Primer
pair

Sequence Template Target Plasmid
cloned

RE
to lin-
earize
vector

SK1931 AACTTCAGGGTGAGTTTGGGGAC pcDNA3Flag-
Tet2(Addgene60939)

BirA-Tet2
frag1

pcDNA3-
BirA-
Flag-
Tet2

PpuMI
BspEI

SK1937 CTCTGCTCATCATAAGCTTGGGGT
CGAC

SK1938 CAAGCTTATGATGAGCAGAGCCGC
CATC

pcDNA3-BirA
(R118G)

BirA-Tet2
frag2

SK1939 CTTTGTAGTCACCTCCACCGCCCA
ATTGAGCCTTCTCTGCGCTTCTC

SK1935 CGGTGGAGGTGACTACAAAGACG
ATGAC

pcDNA3-Flag-
Tet2(Addgene60939)

BirA-Tet2
frag3

SK1936 GCTCTCCATTATCACTTAGTC
SK1931 AACTTCAGGGTGAGTTTGGGGAC pcDNA3Flag-

Tet2(Addgene60939)
APEX2-
Tet2 frag1

pcDNA3-
APEX2-
Flag-
mTet2

PpuMI
BspEI

SK1937 CTCTGCTCATCATAAGCTTGGGGT
CGAC

SK1933 CAAGCTTATGATGGGAAAGTCTTA
CCCAACTG

pcDNA3-Flag-
APEX2-NES

APEX2-
Tet2 frag2

SK1934 CTTTGTAGTCACCTCCACCGCCCA
ATTGGGCATCAGCAAACCCAAGC
TC

SK1935 CGGTGGAGGTGACTACAAAGACGA
TGAC

pcDNA3Flag-
Tet2(Addgene60939)

APEX2-
Tet2 frag3

SK1936 GCTCTCCATTATCACTTAGTC
SK2332 CCCTGGACCTATGGGCAAGCCCA

TCCCCAACCCCCTGCTGGGCCTG
GACAGCACCGGAAAGTCTTACC-
CAACTGTGA

pcDNA3-APEX-
TET2

APEX2

SK2333 TGTCCTGTTCACCTCCACCGCCC
AATTGGGCATCAGC
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Continuation of Table 2.8
Primer
pair

Sequence Template Target Plasmid
cloned

RE

SK2334 CGGTGGAGGTGAACAGGACAGAA
CCACCC

HPC-7 G-DNA Tet2 exon3
ATG 3’arm

SK2335 ATTCGAGCTCGGTACCCGGGTTC
TTCAGCAAATAGCTCCATG

SK2332 CCCTGGACCTATGGGCAAGCCCA
TCCCCAACCCCCTGCTGGGCCTG
GACAGCACCGGAAAGTCTTACC-
CAACTGTGA

pcDNA3-APEX-
TET2

APEX2

SK2333 TGTCCTGTTCACCTCCACCGCCC
AATTGGGCATCAGC

SK2334 CGGTGGAGGTGAACAGGACAGAA
CCACCC

HPC-7 G-DNA Tet2 exon3
ATG 3’arm

SK2335 ATTCGAGCTCGGTACCCGGGTTC
TTCAGCAAATAGCTCCATG

SK3026 TGTTTGCGCCTGCGTCTGTAC MSCV-Flag-HA-
Tet2-IRES-GFP

APEX2-
Tet2 frag1

MSCV-
APEX2-
Flag-
Tet2-
IRES-
GFP

SpeI
BspEI

SK3027 CCATGGTGGCATCGAGCGGAAGAT
CTAAG

SK3036 TCCGCTCGATGCCACCATGGGAAA
GTCTTACCCAACTG

pcDNA3-APEX2-
Tet2

APEX2-
Tet2 frag2

SK3029 GCTCTCCATTATCACTTAGTCCGG
AGACATTTGGCTGAC

SK4572 CAGAAGAGGACAGCGGACCGACG
CGTACGCGGCCGCTCTAC-
CCATACGATGTTCCAGAT-
TACGCTGGCTATCCCTATGACGTC-
CCGGACTATGCAGGATCCTATCCAT
ATGACGTTCCAGATTACGCTTAA-
GATATCCTGGATTACAAGGAT-
GACGACGATAAG

pCMV-
Noc2l-
3xHA

NotI
EcoRV

SK4573 CTGGATGCTTACAATGCAAGGATG
GACACCAGCACGCGTACGCG-
GCCGCTCTACCCATACGAT-
GTTCCAGATTACGCTGGC-
TATCCCTATGACGTCCCGGACTATG
CAGGATCCTATCCATAT-
GACGTTCCAGATTACGCTTAA-
GATATCCTGGATTACAAGGAT-
GACGACGATAAGG

pCMV-
Alyref-
3xHA

MluI
EcoRV

SK4574 AGAGCAAGAAACAAAAACTCACG
CGTACGCGGCCGCTCTAC-
CCATACGATGTTCCAGAT-
TACGCTGGCTATCCCTATGACGTC-
CCGGACTATGCAGGATCCTATCCAT
ATGACGTTCCAGATTACGCTTAA-
GATATCCTGGATTACAAGGAT-
GACG

pCMV-
Suz12-
3xHA

MluI
EcoRV



2. Materials and methods 70

Continuation of Table 2.8
Primer
pair

Sequence Template Target Plasmid
cloned

RE

SK4575 CGAGAAATGGAAATCCCTACGCG
TACGCGGCCGCTCTACCCAT-
ACGATGTTCCAGATTACGCTG-
GCTATCCCTATGACGTCC-
CGGACTATGCAGGATCCTATCCATAT
GACGTTCCAGATTACGCTTAA-
GATATCCTGGATTACAAGGAT-
GACGACGATAAG

pCMV-
Ezh2-
3xHA

NotI
EcoRV

2.2.6 Gateway cloning

PiggyBac TetOn-3xHA-Tet2 expression vectors were constructed using Gateway cloning

method as follows: attB recombination sites were added to the 5’ and 3’ end of Tet2

cDNA by PCR on pEF-FH-Tet2 vector using primers (SK3682: GGGACAAGTTTGTA-

CAAAAAAGCAGGCACCgaacaggacagaaccacccatgctg; SK3683: GGGACCACTTTG-

TACAAGAAAGCTGGtcatacaaatgtgttgtaaggccct). attB-Tet2-attB DNA was inserted into

pDONR221 vector to get pENTRY Tet2 vector by BP Clonase-mediated recommbination

between attB and attP sites. 100 ng attB-Tet2-attB, 100 ng pDONR221 vector, 2 µL

BP Clonase II enzyme mix (11789, Invitrogen) and TE, pH 8.0 buffer were used to

assemble a 10 µL BP reaction, and incubated at RT for 4 h. Reaction was terminated

by adding 1 µL Proteinase K (AM2546, Invitrogen) and incubation at 37 oC for 10 min.

1 µL BP reaction product was transformed to bacterial competent cells. Colonies were

cultured in LB media supplemented with Kanamycin. pENTRY Tet2 plasmids were

extracted and sent for Sanger sequencing. Tet2 was transferred from pENTRY vector to

pPB-TetON-3xHA-DEST vector by LR clonase-mediated recombination between attL

and attR sites. 100 ng pENTRY Tet2, 100 ng pPB-TetON-3xHA-DEST, 2 µL LR Clonase

II enzyme mix (11791, Invitrogen) and TE, pH 8.0 buffer were used to assemble a 10

µL LR reaction, and incubated at RT for 2 h. Reaction was terminated by adding 1

µL Proteinase K (AM2546, Invitrogen) and incubation at 37 oC for 10 min. 1 µL LR

reaction product was transformed to bacterial competent cells . Colonies were cultured

in LB media supplemented with Ampicillin. Plasmids were purified and sent for Sanger

sequencing.
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2.3 Genomic DNA extraction

Suspension cells were harvested by centrifugation at 300 g for 5 min. Cells were washed

once with cold PBS. Genomic DNA was extracted using the Gene Jet Genomic DNA

Extraction Kit (K0721, Thermo Scientific) according to the manufacturer’s instructions.

2.4 DNA hydrolysis for LC/MS-MS analysis

500 ng of DNA in 20 µL of nuclease-free water was added to 200 µL of hydrolysis solution

(100 mM NaCl, 20 mM MgCl2, 20 mM Tris pH 7.9, 1000 U/mL Benzonase (E8263,

Sigma-Aldrich), 600 mU/mL Phosphodiesterase I, 80 U/mL Alkaline phosphatase, 36

µg/mL EHNA hydrochloride, 2.7 mM deferoxamine). The mixture was incubated for

two hours and then lyophylized by SpeedVac. The lyophylisate was resuspended in 1000

µL of buffer A (10 mM ammonium acetate, pH 6) and 300 µL was transferred into an

LC-MS vial for analysis. The HPLC–MS mass spectrometry analysis was performed by

Paolo Spingardi.

2.5 RNA extraction

Suspension cells were harvested by centrifugation at 300 g for 5 min. Cells were washed

once with cold PBS. RNA was extracted using the RNeasy Mini kit (74104, Qiagen)

according to the manufacturer’s instructions. Briefly, cells were lysed in buffer RLT and

homogenized by passing them through the QIAshredder (79656, Qiagen). On-column

DNase digestion was performed with RNase-free DNase Set (79256, Qiagen) according

to the manufacturer’s instructions. RNA concentrations were measured by Nanodrop

2000 (Thermo Scientific) and adjusted to 100 ng/µL with nuclease-free water.

2.6 RT-PCR and data analysis

1 µg RNA was used for cDNA synthesis using the High-Capacity cDNA Reverse Tran-

scription Kits (4368814, Applied Biosystem) according to the manufacturer’s instructions.

Briefly, for each reaction, 10 µL 2x RT master mix was firstly prepared as follows: 2
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µL 10x RT buffer, 0.8 µL 25 x dNTP mix (100 mM), 2 µL 10x RT random primers, 1

µL MultiScribeTM reverse transcriptase, 0.5 µL RiboLock RNase Inhibitor (EO0381,

Thermo Scientific), and 3.7 µL nuclease-free H2O. 10 µL 100 ng/µL RNA was mixed

with the 2x RT master mix, and the resultant mixture was incubated in a thermomixer

(5382000031, Eppendorf) at 25 oC for 10 min, 37 oC for 120 min, and 85 oC for 5 min.

Synthesized cDNA was diluted 1:50 using nuclease-free H2O and stored at -20 oC until

use.

PCR reaction was prepared on ice as follows: 12.5 µL 2x QuantiFast SYBR green mix

(204056, Qiagen), 0.25 µL 100 µM forward primer, 0.25 µL 100 µM reverse primer, 10

µL diluted cDNA, and 2 µL nuclease-free water. Primers used for each gene were listed

in table. Reactions were run in a 96-well plate format in a StepOnePlus Thermal Cycler

(4376600, Applied Biosystems). Samples were heated at 95 oC for 5min, followed by 40

cycles at 95 oC for 10s and 60 oC for 30s after which a melt curve analysis was performed

by ramping the temperature from 50 oC to 95 oC (5s per oC). All measurements were done

using three biological replicates and three technical duplicate for each biological replicate.

Relative gene expression was determined by comparative CT method (Schmittgen and

Livak 2008), and GADPH was used as the housekeeping gene for normalization.

2.7 Cell culture methods

All cell lines used in this study were cultured in a 37 oC incubator with a 5 % CO2

atmosphere. And cells were checked for Mycoplasma contamination monthly using the

MycoAlertTM mycoplasma detection kit (LT07-318, Lonza)

2.7.1 HPC-7 cell culture

HPC-7 cells were obtained as a gift from Dr Lief Carlsson (Umea, Sweden). Frozen

cells were thawed and cultured in Stem Pro-34 media (10639011, Gibco) supplemented

with 10% Stem Pro supplements, 150 µM MTG (M6145, Sigma-Aldrich), 2 mM L-

glutamine (25030081, Life Technologies), 1x penicillin- streptomycin (15140122, Life

Technologies) and 100 ng/mL murine stem cell factor (250-03-100, PeproTech) until it
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achieves normal growth speed. Then cells were grown in IMDM medium (12440061,

Gibco) supplemented with 5% fetal bovine serum (FBS, Biosera), 150 µM MTG, 1%

Penicillin/Streptomycin, 2 mM L-glutamine and 10% SCF-conditioned media. Cells

were subcultured every 2 days. Cell density was maintained between 2 x 10 5-1.5 x 10
6 cells/mL. When freezing cell, 10 7 cells were pelleted at 300 g for 5 min at RT, and

resuspended in 1 mL Stem Pro-34 media supplemented with 10% Stem Pro supplements,

150 µM MTG, 2 mM L-glutamine, 1x penicillin- streptomycin, 40% FBS, and 10 %

DMSO (D2650, Sigma -Aldrich). Cell suspension was then transferred into 1.8 mL

cryogenic tube (377267, Thermo Scientific) and tubes were placed in Corning CoolCell

Cell Freezing Container (CLS432001, Sigma-Aldrich) at -80oC for 24 h. For long-term

storage, frozen cells were transferred to liquid-nitrogen.

SCF-conditioned media were produced by CHO-K3 cell line. Briefly, CHO-K3 cells

were grown in DMEM media supplemented with 10 % FBS until 100 % confluency and

subsequently grown in IMDM culture media ( supplemented with 5% FBS, 150 µM MTG,

1% Penicillin/Streptomycin, and 2 mM L-glutamine) for 1 day, then cells were grown in

fresh IMDM culture media for other 2 days. SCF-conditioned media were harvested and

filtered through 0.45 µM filter. For longer storage, conditioned media were aliquoted and

stored at -80oC.

2.7.2 Adherent cell culture

293 T cells and Plat-E cells were grown in DMEM media supplemented with 10 % FBS,

1% Penicillin/Streptomycin and 2 mM L-glutamine. Cells were subcultured every 2 days.

ES-J1 cells were grown in 0.1 % gelatin (G1890-100G, Sigma-Aldrich)-coated dishes in

DMEM (BE12-604F, Lonza) supplemented with 10 % FBS (FB-1001G/500, lot-1148 4,

Biosera), 1% Penicillin/Streptomycin and 2 mM L-glutamine, 1x non-essential amino

acids (11140050, Life Technologies), leukemia inhibitory factor (LIF, produced in-house

following protocol by Tomala et al., 2010). Cells were subcultured every 2-3 days.

When subculturing, cells were washed with PBS once and treated with 0.05 % Trypsin-

EDTA (25300054, Life Technolofies) at 37 oC until they were detached. Trypsin
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was inactivated by adding equal volume of cell culture media. Detached cells were

resuspended into cell culture media, split at 10-20 % confluency and seeded onto

appropriate dishes. When freezing cells, cells were grown to 90 % confluency in a

10 cm dish. Cells were washed with PBS, detached by trypsinisation and pelleted at 300

g for 5 min at RT. After pelleting, cells were resuspended in 1 mL DMEM growth media

supplemented with 20 % FBS and 10 % DMSO. Cells suspension was then transferred

into cryogenic tube and stored in CoolCell Cell Freezing Container at -80oC for 24 h.

Frozen cells were transferred to liquid-nitrogen for long-term storage.

2.7.3 Transfection

For transfection, all plasmid DNA were prepared using NucleoBond Xtra Midi plus kit

(740412.50, Macherey-Nagel).

For polymer-mediated transfection, 293 T cells were seeded at 40 % confluency on a

10 cm dish prior to transfection. The next day, cells were transfected using jetPRIME

transfection reagent (114-15, Polyplus) according to the manufacturer’s instructions. For

each reaction, 5 µg plasmid DNA, 500 µL jetPRIME buffer and 15 µL jetPRIME were

mixed and incubated at RT for 10 min. Transfection mixture was added dropwise onto

the cells. 4 h after transfection, media were replaced by fresh growth media. 24 h after

transfection, cells were harvested for Western blot analysis, or used for other applications.

For calcium phosphate-mediated transfection, Plat-E cells were seeded at 50% confluency

in 9 ml media on a 10 cm dish, grown for 8 h, and then transfected by calcium-phosphate

precipitation. For each transfection, 500 µL sterile water containing 20 µg MSCV

expression vector, 10 µg helper plasmid (pCMV-Gag-Pol), and 62.5 µL 2M CaCl2 was

added dropwise with gentle agitation into equal volume of 2x HBS buffer (pH 6.96). The

mixture was incubated at RT for 15 min and added dropwise onto Plat-E cells in the

presence of 25 µM Chloroquine (C6628, Sigma-Aldrich).

2.7.4 Electroporation

HPC-7 cells were electroporated with plasmid DNA using Neon transfection system

(MPK5000, Invitrogen) according to the manufacturer’s instructions. For electroporation
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on a 6-well plate per well, 2 x 10 6 cells were washed once with PBS and pelleted by

centrifugation at 300 g for 5 min. Cells were resuspended in 100 µL Resuspension buffer

R at a final density 2 x 10 7/mL, 10 µg plasmid DNA was mixed into the cell suspension.

Cell/DNA mixture was transferred into a 100 µL Neon tip and electroporated under

the following condition: 1650 V, 20 ms,1 pulse. Electroporated cells were immediately

transferred to a 6-well plate containing prewarmed 4 mL Stem Pro growth media per well.

24 h post electroporation, cells were analyzed for transient fluorescent protein expression

by flow cytometry. 72 h post electroporation, antibiotics was added into media for stable

cell line selection.

2.7.5 Generation of knock-out cell line by CRISPR-Cas9 method

For the generation of HPC-7 Tet2 Knock-out (KO) clones, two pairs of guide RNA

(gRNAs) were designed and used for targeting mouse Tet2 ( Table (2.9)). gRNAs were

ordered from IDT Technologies and ligated into pSpCas9(BB)-2A-GFP (PX458, Addgene

48138) according to the protocol from Ran et al., 2013.

Table 2.9: Guide RNAs used to knock out Tet2.

Primer pair Sequence Target gRNA source Plasmid cloned
SK2252 CACCGCGAAGCAAGCCTGATGGAAC Tet2

exon3
first
ATG

This study pSpCas9-Tet2-
sgRNA1-2A-
GFP

SK2253 AAACGTTCCATCAGGCTTGCTTCGC
SK2772 CACCGAAAGTGCCAACAGATATCC Tet2

exon3
H Wang et al,.
Cell. 2013

pSpCas9-Tet2-
sgRNA2-2A-
GFP

SK2773 AAACGGATATCTGTTGGCACTTTC

HPC-7 cells were electroplated with two different gRNA-containing plasmids as previ-

ously described in section 2.7.4, 1 plasmid per well. 24 h after electroporation, GFP-

positive single cell was sorted by FACS on SONY SH800Z sorter at Wellcome Centre

for Human Genetics and sorted cells were plated into 96-well plates in 150 µL Stem

Pro growth media supplemented with 100 ng/mL SCF and 50% conditioned media per

well. Conditioned media were harvested from HPC-7 cells culture (culture for 48 hr)

by centrifugation at 1000 g for 10 min, and media were filtered through 0.22µM filter.

Cell colonies could be seen under microscope after two or three-week expansion. 50 µL
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Stem Pro growth media with 400 ng/mL SCF were added into plate per well during one

or two-week expansion. Cell clones were transferred into a 24-well plate and further

expanded for genomic DNA extraction, Western blot analysis and cryopreservation.

Cell clones were selected for Tet2 mutations by PCR amplification of the targeted genomic

region and Sanger sequencing. Briefly, genomic DNA from each clone was extracted using

Gene Jet Genomic DNA Extraction Kit according to the manufacturer’s instructions. PCR

reaction was setup as follows: 15 ng genomic DNA, 1.5 µL DMSO, 1µL 10 mM dNTP

(10297018, Invitrogen), 1 µL 10 µM forward primer, 1 µL 10 µM reverse primer, 0.4 µL

Maximo Taq Polymerase (S101, GeneOn) and 44 µL Maximo Tap PCR buffer(home-

made). Samples were run in Veriti Thermal Cycler (4375786, Applied Biosystems) using

following program: initial denaturation at 94 oC for 4 min, denaturation at 94 oC for 15 s,

annealing reaction for 15 s, extension at 72 oC for 1 min/kb, final extension at 72 oC for 5

min, 35 cycles were used. PCR products were run on 1% agarose gel to check for fragment

size, and purified using QIAquick PCR Purification Kit (28104, Qiagen). Mutations were

identified by Sanger sequencing in Eurofins Genomics. sgRNA2-targeting locus contain a

EcoRV recognition site, PCR products from sgRNA2-electroporated group were digested

with EcoRV (R3195S, New England Biolabs). Genomic DNA of identified mutated

clones were hydrolyzed and measured for DNA modifications using LC/MS-MS by Paolo

Spingardi at Target Discovery Institute, TDI, Oxford. Cell clones with a clear decrease in

5hmC are pelleted and boiled in appropriate volume of 2x SDS loading buffer at 95 oC

for 10 min. SDS samples were analyzed by SDS-PAGE Western blot. Tet2 protein was

detected using anti-Tet2, clone 9F7 antibody. Only clones containing frameshift indels at

Tet2 locus, showing decreased 5hmC level and having no Tet2 protein were recognized

as true Tet2 knock-out clones. Oligonucleotides used for PCR amplification and Sanger

sequencing were listed in table (2.10)

Table 2.10: Primers used for Tet2 mutation detection.

Primer
pair

Sequence Target Template

SK2271 CTGCCAGAGCCAATCAAGTATGG ˜500 bp fragment around
sgRNA1 targeting site

Genomic DNA of
sgRNA1 targeting
clones

SK2272 CTTGTTTGGATGGAGCCCAGAG
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Continuation of Table 2.10
Primer
pair

Sequence Target Template

SK2774 CAGATGCTTAGGCCAATCAAG ˜500 bp fragment around
sgRNA2 targeting site

Genomic DNA of
sgRNA2 targeting
clones

SK2775 AGAAGCAACACACATGAAGATG
Sanger sequencing primers

Primer
pair

Sequence Sequencing targets

SK2813 GAGTTACTGGGGAGGTATAAAC PCR products of SK2271 +
SK2272 amplification

SK2814 CTCTGGCTGCCTTTCATGTG
SK2774 CAGATGCTTAGGCCAATCAAG PCR prodcuts of SK2774 +

SK2775 amplification
SK2775 AGAAGCAACACACATGAAGATG

2.7.6 Retrovirus-based stable cell line construction

A retroviral system was used to introduce the stable expression of Flag-HA Tet2 and

APEX2-Tet2 in HPC-7 cells as previously described (Serrano et al., 1997) with some

modifications. In this study, target cells were infected four times. Chloroquine (25

µM) was used for higher transfection efficiency. Polybrene (4 µg/mL, TR-1003-G,

Sigma-Aldrich) was used for higher infection efficiency.

For the production of retrovirus, Plat-E cells were seeded on a 10 cm dish and transfected

by calcium-phosphate precipitation with MSCV expression plasmid and helper plasmid

as previously described in section 2.7.3. MSCV expression plasmids used for cell line

construction were listed in table (2.4). 12 h post transfection, culture media were replaced

by 10 mL fresh DMEM growth media. 12 h post 1stmedia replacement, media were

replaced by 5 mL HPC-7 IMDM growth media (supplemented with 5% FBS, 150 µM

MTG, 1% Penicillin/Streptomycin, and 2 mM L-glutamine). After 12 h, the virus-

containing media were collected, filtered (0.45 µM filter unit) and supplemented with 4

µg/mL polybrene and 100 ng/mL SCF (1stsupernatant). The 2ndand 3rdsupernatant were

collected every 5 h as before. 4thsupernatant was collected 12 h after the 3rdcollection.

For infection, one 6-well plate of HPC-7 cells (5 x 105 cells in 1 mL media per well)

were infected by virus supernatant (˜800 µL per well) with centrifugation at 1100 g for

15 min at RT in a benchtop centrifuge, and infected cells were incubated at 37oC until

next infection. The infection process was repeated using the 2nd, 3rd, and 4thsupernatant.
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4h post last infection, media were replaced by fresh HPC7 IMDM comple growth media

(100 ng/mL SCF). 16 h later, infection efficiency was assessed by flow cytometry and

GFP-positive cell population were sorted in bulk on SONY SH800Z sorter. Sorted cells

were expanded for Western blot analysis, RNA extraction and cryopreservation.

2.7.7 PiggyBac transposon-based stable cell line construction

PiggyBac Transposon and Tetracycline-controlled Tet-On systems (PiggyBac Tet-On)

were combined to produce an inducible expression of exogenous Tet2 gene (3xHA-Tet2

or Flag-HA Tet2) in Tet2 knock-out HPC7 cells. Cells were electroporated with TetON-

Flag-HA-Tet2 or TetON-3xHA-Tet2 vector together with CAG-rtTA-IRES-Neo vector

and PiggyBac transposase plasmid as previously described in section 2.7.4. For each

electroporation on a 6-well plate, 8 µg TetON expression vector, 1 µg CAG-rtTA-IRES-

Neo vector and 1 µg PiggyBac transposase vector were used. One well of no-DNA

electroporated control was set up for each experiment. 72 hr post electroporation, cells

were selected with 0.5 µg/mL Puromycin until cells in no-DNA electroporated control

were all died. Cells were maintained in antibiotics-supplemented media and expanded

for cryopreservation and tested for Tet2 expression. To induce the expression, cells

were seeded at a density of 5 x 105 cells/mL and grown in the media supplemented with

Doxycycline (Dox) at a wide range of concentration (10-1000 ng/mL) for 24 h. Induced

cells were harvested for genomic DNA extraction, and Western blot analysis.

2.8 Immunofluorescence staining

293 T cells were seeded at 40% confluency on a fibronectin(341635, Sigma-Aldrich)-

coated 2-well cell culture chamber (94.6170.202, Sarstedt) overnight. Next day, cells were

transfected with Flag-Tet2-APEX2 or APEX2-Flag-Tet2 vector by jetPRIME reagents

as previously described in section 2.7.3. For each transfection, 0.6 µg DNA, 75 µL

jetPRIME buffer and 1.8 µL jetPRIME were used. 24 h post transfection, cells were

treated with appropriate reagents to initiate the APEX2-mediated in vivo biotinylation

(detailed method see section 2.14). One well of DNA-transfected but non-biotinylation

induction control was set up for experiments. Cells were washed 3x PBS and fixed
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in 4% paraformaldehyde/DPBS (16% solutiom, 15710, Electron Microscopy Sciences)

at RT for 15 min. Cells were washed three time in PBS and permeabilized in 0.1%

Triton X-100/PBS at RT for 7 min. Cells were washed three time in PBS and blocked

in 5 % (w/v) BSA/PBS at RT for 30 min. Cells were washed 3x PBS and stained with

anti-Tet2 (MABE1132) together with anti-Flag (F1804) antibodies at RT for 1 h in the

dark. Cells were washed three time in PBS and incubated with anti-mouse and anti-

rat fluorophore conjugated secondary antibodies together with Alexa 488-conjugated

streptavidin antibody at RT for 1 h in the dark. Cells were washed three time in PBS and

coverslips were mounted with VECTASHIELD HardSet Mounting Medium with DAPI

(H-1500, Vector Laboratories). Slides were left at RT in the dark for 1 h and sealed by

nail polish and stored at 4oC. Images were obtained by a confocal microscope (Zeiss 710).

Information about antibodies and dilution was listed in table(2.2 ).

2.9 Flow cytometry

Cells were washed once with cold PBS and resuspended in cold FACS buffer (PBS

containing 2% FBS and 2 mM EDTA) at a final cell density 5 x 106-1x107/mL, For each

staining, 100 µL cell suspension (0.5-1x 106 cells) was blocked with 2.5 µg Mouse BD

Fc Block (553141, BD Biosciences) at RT for 5 min. Cells were incubated with 100 µL

fluorophore conjugated antibody dilution in FACS buffer at 4oC for 1 h in the dark. Cells

were washed once with cold FACS buffer and resuspended in FACS buffer, followed by

flow cytometry on BD LSR Fortessa™ X20 at the Ludwig Institute. Data was analyzed

using FlowJo software.

For analysis of wildtype and Tet2-KO HPC-7 cell features, cells were stained with

antibodies against following: CD34, c-Kit, CD44, CD29, CD3e, B220, CD19, TER119,

CD11b, F4/80 and Gr-1. For analysis of HPC-7 in vitro myeloid differentiation assay,

cells were stained with antibodies against following: CD34, CD11b, F4/80. Information

about antibodies and dilution was provided in table(2.2).
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2.10 In vitro myeloid differentiation

To induce myeloid differentiation of HPC-7 cells and its derivatives, cells were seeded

on a 6-well plate at a cell density 5 x 105 cells/mL in Stem Pro-34 media supplemented

with 10% Stem Pro supplements, 150 µM MTG, 2 mM L-glutamine, 1x penicillin-

streptomycin and the following murine cytokines: 20 ng/mL G-CSF, 10 ng/mL GM-CSF,

10 ng/mL IL-3 and 10 ng/mL IL-6. All the cytokines were purchased from Peprotech.

Cells were grown in differentiation media for 8 days and media were replaced every 2

days. Cells were analyzed by flow cytometry as previously described in section 2.9.

2.11 Colony-forming-unit assay

Colony-forming-unit assay was performed under the instruction from Dr. Lynn Quek at

Weatherall Institute of Molecular Medicine (WIMM), Oxford.

HPC-7 cells and its derivatives were grown in methylcellulose-based media with recombi-

nant cytokines including SCF (Recombinant mouse stem cell factor), IL-3 (Recombinant

mouse interleukin 3), IL-6 (Recombinant human interleukin 6), and EPO (Recombinant

human erythropoietin) (M3434, STEMCELL Technologies) according to the manufac-

turer’s instructions. Briefly, cells were resuspended in IMDM media supplemented with

2% FBS at a cell density 4000 cells/mL. 400 cells were seeded in 1 mL methylcellulose

media on a 35 cm dish and cultured at 37oC. Three technical replicates were prepared for

each experiment and three biological replicates were prepared for each cell group.

After 14 days, colonies were counted under Zeiss Axiovert 40C inverted microscope

(2X objective) and data were analyzed using GraphPad Prism software. Colonies were

imaged under the digital inverted microscope (EVOS X1, AMG) at 2X, 10X, 20X and

40X magnification at WIMM. For further analysis of cell differentiation, cells from a

single colony were resuspended in 200 µL IMDM media supplemented with 2% FBS and

transferred to slides by centrifugation at 1000 rpm for 5 min in the Cytospin™ 4 centrifuge

(Thermo Scientific). Slides were stained by modified Wright’s Staining (Hematek 2000,

Bayer Healthcare) according to the manufacturer’s instructions. Coverslips were mounted
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to the slides using DPX mounting medium (06522-100ML, Sigma). Slides were imaged

by NanoZoomer S210 Digital slide scanner at 20X resolution at Ludwig Institute. Images

were analyzed using NDP Viewer2 software.

2.12 Cell apoptosis assay

Cell apoptosis of HPC-7 and its derivatives was measured by APC Annexin V (550474,

BD Biosciences)/ 7-AAD staining (559925, BD Biosciences) according to the manu-

facturer’s instructions. Cells were washed twice with cold PBS and resuspended in 1x

binding buffer (556454, BD Biosciences) at a concentration of 107 cells/mL. For each

stain, 106 cells were stained with 0.5 µL APC Annexin V and 5 µL 7-AAD at RT for 15

min in the dark. Cells wer added with 400 µL 1x binding buffer and analyzed by flow

cytometry on BD LSR Fortessa™ X20 within 1 h. Unstained cells and cells stained with

APC Annexin V or 7-AAD alone were used to set up compensation and gating.

2.13 In vivo BirA labelling assay

293 T cells were transfected with BirA-Flag-Tet2 or Flag-Tet2-BirA plasmid using

jetPRIME reagents as previously described in section 2.7.3. 4 h post transfection, media

were replaced by fresh growth media supplemented with 50 µM Biotin (B4501, sigma).

After additional 24 h, cells were harvested for nuclear protein extraction (see details in

section 2.15.2). The concentration of nuclear extracts was determined by Bradford assay

(see details in section 2.15.3). 5x SDS loading buffer was added to the nuclear extracts

and samples were heated at 95 oC for 5 min. Samples were analyzed by SDS-PAGE

Western blot. The expression of Tet2-BirA fusion protein was detected using anti-Tet2

antibody (61389, Active Motif) and anti-Flag antibody (F3165, Sigma). Biotinylation

was detected using Streptavidin-HRP antibody. Biotinylated protein was enriched by

incubating nuclear extracts with streptavidin beads (see details in section 2.15.4) and

analyzed by SDS-PAGE Western blot.
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2.14 In vivo APEX2 labelling assay

APEX2 labelling assay was used to biotinylate Tet2 interacting partners in vivo as

previously described in (Hung et al., 2016). For assay on 293 T cells, cells were trans-

fected with APEX2-Flag-Tet2 or Flag-Tet2-APEX2 plasmid using jetPRIME reagents as

previously described in section 2.7.3. 24 h post transfection, cells were incubated with

500 µM biotin-phenol (LS-3500.0250, Iris Biotech GmbH) in DMEM media at 37°C

under 5% CO2 for 30 min. H2O2 was added to the culture for a final concentration 1

mM and incubated at room temperature for 1 min to initiate biotinylation. To quench

the reaction, cells were washed 3 times with quencher solution. Cells were fixed in

paraformaldehyde for imaging experiments (see details in section 2.8) or harvested for

genomic DNA extraction or nuclear protein extraction.

For assay on HPC-7 and its derivatives, cells were incubated with biotin-phenol followed

by centrifugation at 300 g for 5 min. Cells were resuspended in media containing 1 mM

H2O2 at a concentration of 5 x 107 cells/mL and incubated at RT for 1 min. Reaction was

quenched by adding 100 volume of quencher solution. cells were spun down and washed

two more times with quencher solution prior to nuclear protein extraction.

2.15 Protein method

2.15.1 Whole cell lysate extraction

Cells were washed twice with cold PBS and lysed in cold whole cell lysis buffer in a

pre-chilled 1.5 mL eppendorf tube and incubated at 4oC for 30 min with rotation. Lysates

were cleared by centrifugation at 21,130 g at 4oC for 30 min. Supernatant was collected

and supplemented with 5 x SDS loading buffer, and incubated at RT for 5 min before

boiling at 95 oC for 5 min. For extraction on HPC-7 cells, 4 x 106 cells was lysed in 100

µL lysis buffer and 20 µL 5 X SDS loading buffer was added, 10 µL sample was loaded

for SDS-PAGE Western blot.
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2.15.2 Nuclear extraction from mammalian cells

Cells were washed twice with cold PBS and resuspended in sucrose lysis buffer without

NP-40 (50 µL per 107 cells). Equal volume of sucrose lysis buffer containing NP-40 was

added. Cytoplasmic and nuclear compartment were separated by centrifugation at 500 g

for 10 min at 4oC. Nuclei were washed once with sucrose lysis buffer without NP-40 and

pelleted by centrifugation at 500 g for 5 min. Nuclei were resuspended in 5 volume low

salt buffer and 5 volume high salt buffer was added dropwise with gentle agitation. Nuclei

suspension was supplemented with Benzonase (71206-3, Millipore) at a concentration of

50 units/107 cells and incubated at 4oC for 1 h and cleared by centrifugation at 16,000

xg, for 15 minutes at 4C. Supernatant was taken as nuclear extract and transferred to a

pre-chilled fresh tube. Nuclear extract was either used immediately or snap frozen in

liquid nitrogen and stored at -80oC.

2.15.3 Protein quantification by Bradford assay

Protein concentration was determined using Bradford reagent (B6916, Sigma-Aldrich)

by comparison to a protein standard curve according to the manufacturer’s instructions.

Cell lysate was diluted 1:5 or 1:10 in lysis buffer before measurement. To prepare a

protein standard curve, BSA standard (P0914, Sigma-Aldrich) was diluted in H2O at a

concentration of 0-1 mg/mL. Briefly, 5 µL protein sample was added to separate well on

a 96-well flat bottom plate (3650, Costar) and 5 µL sample buffer was added to the well

as blank control. Bradford reagent was equilibrated to RT before use. 200 µL reagent

was added to each well and the plate was incubated at RT for 10 min. Absorbance at 595

nm was measured using FLUOstar Omega microplate-reader. All measurements were

prepared in triplicates. Data was analyzed using Excel.

2.15.4 Streptavidin pulled-down assay

Pierce streptavidin magnetic beads (88817, Thermo Scientific) were washed twice with

PBS and twice with nuclear extract buffer (low salt buffer with 350 mM KCl). 600

µg nuclear extract was incubated with 35 µL streptavidin beads with rotation at 4 oC

overnight. Beads were washed in following buffers: two times in wash buffer (20 mM



2. Materials and methods 84

Tris pH 8, 250 mM KCl, 2 mM MgCl2, 10% glycerol), one times in 1 M KCl, one times

in 0.1 M Na2CO3, one times in 10 mM Tris-HCl supplemented with 2 M urea, two times

in wash buffer. For each wash, beads were resuspended in 1 mL buffer with rotation

at 4 oC for 5 min. Biotinylated proteins were eluted by incubation beads with 40 µL

PBS containing 8M urea, 2%SDS and 10 mM biotin (B4501, Sigma-Aldrich) at room

temperature for 20 min, followed by heating the beads at 60 oC for 20 min. Beads were

removed using a magnetic stand and eluate was supplemented with 5 x SDS loading

buffer and boiled at 95oC for 5 min for Western blot.

2.15.5 SDS PAGE and Western blot

Protein sample in 1 X SDS loading buffer was heated at 95oC for 5 min prior to loading

on a 4-15% Criterion TGX Gel (Bio-Rad). 20 µg nuclear extract or sample made from

2-3 x 105 HPC-7 cells was loaded into each lane. PageRuler Plus Prestained Protein

Ladder (26619, Thermo Scientific) was loaded to indicate the protein size. Gel was run in

the Criterion Cell (1656001 Bio-Rad) in 1x SDS running buffer at 120 V for 1.5 h until

the bromophenol blue run to the bottom of the gel.

After running, gel was assembled into the transfer sandwich as follows: cathode, foam

pad, 2x filter paper, gel, nitrocellulose membrane, 2x filter paper, foam pad, anode.

Nitrocellulose membrane (10600002, GE Healthcare), filter papers and foam pads were

soaked in 1x transfer buffer before use. Transfer was run in a Criterion Blotter (1704070,

Bio-Rad) at 50 V for 1.5 h at 4oC. Complete transfer was examined by staining the

membrane in Ponceau S solution (P7170, Sigma-Aldrich) and destained in 1x TBST.

Membrane was blocked in 5% (w/v) milk/TBST (fat-free Milk powder, Marvel) at RT

for 1 h with gentle shaking. Antibody was diluted in 5% milk/TBST and stored at

-20oC. Information about antibodies and dilution was listed in table(2.2). Membrane

was incubated in primary antibody dilution at 4oC overnight with gentle shaking. For

streptavidin-blot, membrane was stained with streptavidin-HRP at RT for 2 h instead of

overnight incubation. Membrane was washed 3 times in 1x TBST (10 min/per wash) at

RT and incubated with secondary antibody at RT for 1 h with gentle shaking. Membrane
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was washed 3 times in 1x TBST (10 min/per wash) at RT and developed using ECL

Select Western Blotting Detection Reagent (RPN2235, GE Healthcare) according to the

manufacturer’s instructions. Chemiluminescent signals were captured using ChemiDoc

Imaging system (Bio-Rad) or X-ray films (Fujifilm).

For re-probing the membrane with an antibody of the same species as the first primary

antibody, membrane was stripped using Restore Western Blot Stripping Buffer (21059,

Thermo Scientific) and incubated at RT for 15 min with gentle shaking followed by 3

times 1x TBST wash. Membrane was re-blocked in 5 % milk/TBST at RT for 1 h before

incubation with new primary antibody overnight. For re-probing the membrane with an

antibody of different species, membrane was stripped in 5% (w/v) sodium azide in 1x

TBST at 4oC overnight in the dark with gentle shaking. Membrane was washed 3 times

with 1x TBST and incubated with the new primary antibody overnight.

2.15.6 Immunoprecipitation

Immunoprecipitation (IP) was performed using the Nuclear Complex CO-IP kit (54001,

Active Motif) according to the manufacturer’s instructions. For assay on HPC-7 cells,

5x 107 cells were washed in 50 mL PBS containing phosphatase inhibitors and lysed in

500 µL 1x hypotonic buffer and incubated on ice for 10 min. Nuclei was collected by

centrifugation at 14000 g for 30 s at 4oC. Nuclei was resuspended in 250 µL digestion

buffer supplemented with 1.25 µL PMSF, 2.5 µL protease inhibitor and 1.25 µL enzymatic

shearing cocktail. Nuclei suspension was incubated at 4oC for 1.5 h with gently vortex

every 30 min incubation, and cleared by centrifugation at 14000 g for 30 min at 4oC.

Supernatant was taken as nuclear extracts and transferred to a fresh pre-chilled tube.

Protein concentration was determined using Bradford reagents as previously described in

section 2.15.3.

Dynabeads (Invitrogen) or Anti-FLAG® M2 Magnetic Beads (Sigma, M8823) were

washed 3 times with PBS and blocked in 10 volume 2 mg/mL BSA/PBS at 4oC overnight

with rotation. Blocked beads were washed 3 times with PBS and 1 time with 1x IP high

buffer. Nuclear lysates were diluted at a final concentration of 1 µg/µL with 1x IP high
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buffer supplemented with protease inhibitor. 500 µg nuclear lysates was pre-cleared with

10 µL Dynabeads at 4oC for 1 h with rotation. For anti-Flag IP, protein lysates were pre-

cleared with 20 µL Mouse IgG agarose beads (Sigma, A0919). After pre-clearing, beads

were discarded and lysates were transferred to a fresh pre-chilled 1.5 eppendorf tube. 25

µL lysates were taken as 5% IP input and mixed with 5x SDS loading buffer, boiled at

95oC for 5 min. The rest cleared nulear lysates were incubated with 1-2 µg antibody at

4oC overnight with rotation. The next day, 15 µL blocked Dynabeads was added in the

protein/antibody mixture and incubated at 4oC for 3 h with rotation. For anti-Flag IP,

protein lysates were incubated with 15 µL blocked anti-FLAG M2 magnetic beads at 4oC

for 2 h with rotation. IP wash buffer was prepared by adjusting the salt concentration in

the IP high buffer at final 150 mM and buffer was supplemented with protease inhibitor

before use. Beads were collected using a magnetic stand and resuspended in 1 mL IP

wash buffer supplemented with 1 mg/mL BSA. Beads suspension were transferred to

a fresh tube and rotated at 4oC for 5 min. Beads were washed 2 more times with wash

buffer supplemented with BSA and 3 times with wash buffer. Beads were collected and

boiled in 30 µL 2x SDS loading buffer at 95 oC for 15 min. SDS sample was removed

from the beads, followed by Western blot analysis.

2.15.7 Immunoprecipitation coupled to mass spectrometry (IP–MS)

IP sample preparation:

3 x 108 HPC7 Tet2-KO 2-7/ Tet-On 3x HA-Tet2 cells were grown in 600 mL media

supplemented with 250 ng/mL dox for 24 h. HPC7 Tet2-KO 2-7 cells were grown in

parallel as control. Four biological replicates were prepared for each cell type. Nuclear

extraction and IP were performed as previously described in section 2.15.6. Briefly, 5

mg nuclear lysates, 120 µL Dynabeads Protein A (Clearing: 30 µL; IP: 90 µL ), and

25 µL anti-HA antibody (Cell Signalling, 3724) were used for each IP. 50 µg nuclear

lysates were taken as 1% input control. After washing, beads were boiled in 250 µL 2x

SDS loading buffer at 95 oC for 15 min. Beads were discarded and 200 µL SDS samples

were submitted for LC-MS/MS analysis at Mass Spec facility, TDI. 10 µL sample was

loaded for SDS-PAGE Western blot and 5 µL was used for a silver stain. Silver stain
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was performed using Pierce Silver Stain for Mass Spectrometry reagents (24600, Thermo

Scientific) according to the manufacturer’s instructions.

Mass-spec experiments including Mass-spec sample preparation and running, and

data analysis were all performed by Georgina Berridge at TDI.

Mass-spec sample preparation:

100 µL IP eluate in 2x SDS sample was alkylated by incubating with 2 µL of 50mM

iodoactamide for 30 min at RT. Samples were acidified by addition of 1.2 µL of 12%

phosphoric acid, and mixed with 165 µL of S-Trap buffer (90% MeOH, 100mM TEAB

pH 7.55). Samples was loaded to the S-Trap micro spin column (Profiti) in a 1.7 mL

centrifuge tube and centrifuged for 4000 xg for 30 s. The trapped protein was washed

3 times with 150 µL S-Trap buffer. The S-Trap column was transferred to a clean tube.

20 µL of 50 mM TEAB,pH 8 containing 1:10 wt:wt trypsin was added onto the top

of the column. Slight positive pressure was applied to the top of the column to ensure

no air bubbles between the column matrix and digestion solution. The columns were

incubated for 90 min at 47oC. Digested peptides were eluted with 40 µL each of 50 mM

TEAB and then 0.2% Formic acid and finally 50% Acetonitrile containing 0.2% Formic

acid. Elution was achieved by centrifugation at 4000 g. Pooled peptides were dried in a

rotary evaporator. Dried peptides were resuspended into 100 µL of 2%ACN containing

1% Formic acid, then desalted by applying to C18 Sola cartridges (60109-001, Thermo

Scientific), washed with 1 mL 2% acetonitrile in water (containing 0.1% formic acid)

and eluted with 2 x 60 µL 65% acetonitrile: water (65:35). Eluted peptides digest was

concentrated and acetonitrile was removed by evaporation using a rotary evaporator (30
oC for 4 to 6 hours until dry). Dried peptides were resuspended into 20 µL 2% acetonitrile:

98% water containing 0.1% formic acid.

LC-MS/MS setting:

1 µL peptides were subjected to C18 column chromatography and analysed by data-

dependant MS/MS on a ThermoFisher Q-Exactive mass spectrometer. Samples were
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desalted online (PepMAP C18, 300 µm x 5 mm, 5 µm particle, Thermo) for 1 minute

at a flow rate of 20 µL/min, and separated on a nEASY column (PepMAP C18, 75

µm x 500 mm, 2 µm particle, Thermo) over 60 minutes using a gradient of 2-35%

acetonitrile in 5% DMSO/0.1% formic acid at 250 nl/min. Survey scans were acquired at

a resolution of 70,000 at 200 m/z and the 15 most abundant precursors were selected for

HCD fragmentation.

Data analysis:

Acquired data was loaded into Progenesis QI(Nonlinear Dynamics) and automatically

aligned for retention time and peak picking. The MS/MS spectra were exported into an

.mgf file and searched using the denovo search algorithm PEAKS (V8.5, Bioinformatics

Solutions). The results were exported at a false discovery rate of 1%, mass deviation of 10

ppm for MS1 and 0.05 Da for MS2 spectra. Database searches (Swissprot; mouse) were

performed using MS+/- 10ppm, MSMS +/-0.05Da, 2 missed cleavages (M) deamidation

(N) as variable modifications, iodacetamide (C) as a fixed modification. The data was

evaluated in Perseus 1.5.2.4 (Tyanova et al., 2016) using the PCA plots and filtering

for only present proteins. The raw intensities were exported and analysed in Perseus.

Essentially, the data was log2 transformed, normalized by subtracting the median from

the columns (each sample) and then missing values were imputed. Samples were analysed

for fold change difference using two-samples test comparing KO and Tet2 samples.

2.16 RNA-sequencing

RNA-seq on wildtype and Tet2-KO HPC-7 cells were prepared with exogenous calibration.

Two Tet2-KO clones (clone 2-1 and clone 2-7) and WT HPC-7 were sequenced. Three

biological replicates were prepared for each cell group.

2.16.1 Sample preparation

Chicken DF-1 cells were spiked-in HPC-7 cells on a per-cell basis before RNA extraction

using AllPrep® DNA/RNA Kits (80204, QIAGEN). Briefly, DF-1 cells were grown on a

10 cm dish in DMEM media supplememnted with 10% FBS, 1% Penicillin/Streptomycin,
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2 mM L-glutamine and 0.15% sodium bicarbonate at 37oC, 10% CO2. Cells were

harvested and lysed in buffer RLT Plus at a concentration of 1 x 107 cells/mL. DF-1

cell lysates were aliquoted and stored at -80oC. 5 x 106 HPC-7 cells were lysed in

buffer RLT Plus and mixed with 50 µL spike-in cell lysates (5 x 105), homogenized

by QIAshredder. Homogenized spiked-in cell lysates were loaded on a AllPrep DNA

spin column and centrifuged at 8000 g for 30 s. Flow-though was used for RNA

purification, followed by on-column DNaseI digestion. RNA was eluted in 50 µL

RNase-free water. Genomic DNA was purified from the AllPrep DNA spin column

according to the manufacturer’s instructions, followed by a second-round purification

by Gene Jet Genomic DNA extraction. DNA was eluted in 100 µL elution buffer. RNA

and DNA concentration were measured by Qubit 3.0 fluorometer (Thermo Scientific).

RNA quality was examined by Bioanalyzer 2100 (Agilent) using the RNA 6000 Nano

Kit (Agilent). 1 µg RNA and 1.5 µg DNA were submitted to Oxford Genomics Center

for library preparation and sequencing. Ribo zero-derived RNA library and DNA library

were multiplexed and sequenced on a HiSeq 4000 instrument to generate 75bp paired-end

reads.

2.16.2 Data analysis

Quality control and alignment:

Sequencing quality was examined by FastQC (v0.11.7) (Andrews). Low quality RNA-seq

reads were removed using Trim Galore (v0.5.0) (Felix) with parameters: –paired –quality

35 –fastqc. Before alignment, mm10 and galGal5 genome sequences were combined by

Linux cat command. GTF files of two genomes were also combined. Genome index was

generated with the combined genome and GTF files using STAR (v2.6.1d) (Dobin et al.,

2013) with the option: –runMode genomeGenerate. RNA-seq reads were aligned to the

combined mm10 and galGal5 genome using STAR with option: –outSAMtype BAM

SortedByCoordinate. mm10 unique mapped reads and galGal5 unique mapped reads were

extracted using Samtools (v1.9) view command with parameters: -q 255, and separated by

linux grep command. DNA-seq reads were aligned to the combined mm10 and galGal5
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genome using Bowtie2 (v2.2.5) (Langmead and Salzberg, 2012) with parameters: –no-

mixed –no-discordant. Multiple mapped reads were filtered out using grep command with

parameters: -v XS: - and unmapped reads were excluded using Samtools (v1.3) (Li et al.,

2009) view command with parameters: -F 4. mm10 unique mapped reads and galGal5

unique mapped reads were separated using grep command.

Differential gene expression analysis:

Differential gene expression with spike-in calibration were performed under the instruc-

tions from Dr. Martin Cusack, a former member of the group.

mm10 and galGal5 unique mapped RNA-seq reads were assigned to genomic features

(gene exons) and counted using featureCounts (Subread v1.6.2) (Liao et al., 2014) with

specification of following parameters: -p -t exon -g gene_id -s 0. Differential gene expres-

sion between WT and Tet2-KO HPC-7 cells was determined using R package DESeq2

with raw read counts as input (Love et al., 2014). Two types of count normalization size

factors with spike-in calibration were calculated to scale the expression of mm10 genes

relative to those of galGal5 genes. In the calibrated and adjusted method, before size

factor calculation, galGal5 RNA-seq reads counts in each sample were pre-normalized

using the galGal5/mm10 read ratio of the corresponding genomic-DNA seq samples

to minimize the variation in spike-in cell mixing. In the calibrated method, galGal5

RNA-seq read counts were not adjusted by the galGal5/mm10 DNA-seq count ratio

before quantification. Count normalization size factor without spike-in calibration was

calculated using the default median of ratios method to adjust for sequencing depth and

RNA composition. Genes were considered as significantly differentially expressed if they

exhibited a p-adj < 0.05. Log2 fold change values were visualized in MA plots, heatmaps

and barplot using R and ggplot2 (Wickham, 2009). R package, pheatmap (Kolde, 2012),

was used to plot heatmaps of log2 fold gene expression changes.

Functional analysis on differentially expressed genes:

David v6.8 (Huang et al., 2009) was used to perform gene ontology (GO) analysis

on differentially expressed genes. Mouse hemopoiesis gene set (GO:0030097), cell
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proliferation gene set (GO:0006915) and cell apoptosis gene set (GO:0006915) were

obtained from MGI (Mouse Genome Informatics) (Smith and Eppig, 2009). Gene set

enrichment analysis was performed by R package fgsea (Huang et al., 2009) using

transcription factors-targeted gene sets as permutation type, 1,000 permutations and log2

ratio of fold change value as metric for gene ranking. Transcription factors-targeted

gene sets, ChEA-2016 (Lachmann et al., 2010) were obtained from Enrich website

(Kuleshov et al., 2016).

2.17 ChIP-sequencing

2.17.1 Chromatin crosslinking and sonication

5 x 107 HPC-7 PiggyBac 3xHA Tet2 expressing cells were cultured in 100 mL SCF

growth medium containing 100 ng/mL dox for 24 hr. Next day, ∼ 1 x 108 cells were

pelleted, washed with PBS. For 2-step crosslinking protocol, cells were resuspended in 20

mL PBS supplemented with disuccinimidyl glutarate (DSG, 20593, Thermo Scientific)

to a final concentration of 2 mM and cells were crosslinking at room temperature for

1 hr with gentle rotation. 1.25 mL 16% methanol-free formaldehyde (28908, Thermo

Scientific) was added to a final concentration of 1% and cells were crosslinking for 10min

at room temperature for 10 min with gentle rotation.

The crosslinking reaction was quenched by adding 2 mL 2M glycine, followed by incu-

bation at room temperature for 3 min. Crosslinked cells were pelleted by centrifugation

at 211 x g for 4min at 4oC. The following steps were all carried out at 4oC. Chromatin

was prepared by firstly rotating the cells in 20 mL buffer LB1 (50mM HEPES KOH

pH 7.9, 140mM NaCl, 1mM EDTA, 10% Glycerol, 0.25% NP40, 0.25% Triton x-

100, freshly complemented with 1x cOmpleteTM EDTA-free Protease Inhibitor Cocktail

(05056489001, Roche)) for 10 min, pelleted and resuspended in 20 mL buffer LB2 (10mM

Tris-HCl pH 8.0, 200mM NaCl, 1mM EDTA, 0.5mM EGTA, freshly complemented

with 1x cOmpleteTM EDTA-free Protease Inhibitor Cocktail) for 5 min. Nuclei was

pelleted, resuspended in 2 mL buffer LB3 (10mM Tris-HCl pH 8.0, 100mM NaCl, 1mM

EDTA, 0.5mM EGTA, 0.1% sodium deoxycholate, 0.5% N- lauroylsarcosine, freshly
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complemented with 1x cOmpleteTM EDTA-free Protease Inhibitor Cocktail). and split

into two vials of 1 mL milliTUBE with AFA Fiber (520130, Covaris) for sonication.

Chromatin was sheared using a Covaris S220 AFA ultrasonicator (settinng: 140W Peak

Incident Power, 8% Duty Factor, 200 Cycles/Burst) for 18min. After sonication, the

soluble fraction was collected by centrifugation at 15,000 x g for 20min. The 2 aliquots

of the sheared chromatin were merged.

To prepare chromatin from mouse ESCs, mESCs were grown to 70-90% confluency in 15

cm cell culture dishes. Cells were washed with PBS, detached by trypsinisation, pelleted,

resuspended in certain volume of PBS and counted to get ∼ 1 x 108 for crosslinking.

2.17.2 Chromatin immunoprecipitation

The following steps were all carried out at 4oC. For immunoprecipitation (IP), the sheared

chromatin was diluted 10 fold in Chromatin Dilution Buffer (20mM Tris, pH 8.0, 150

mM NaCl, 1% Triton X-100, 1 mM EDTA, freshly complemented with 1x cOmpleteTM

EDTA-free Protease Inhibitor Cocktail) in a 15 mL falcon tube. Chromatin from ∼ 1 x 108

Tet2-KO cells or 5 x 107 3xHA Tet2 expressing cells was used to prepare one ChIP-seq

replicate. Prior to IP, 10 mL diluted chromatin (5 x 107 cells) was pre-cleared with 30 µL

blocked Dynabeads Protein A slurry (10002D, Invitrogen) for 1 hr at 4oC with rotation.

Before use, Dynabeads Protein A were washed with 0.5% BSA/PBS twice, blocked by

incubation in 10 volume 0.5% BSA/PBS containing 1 mg/mL yeast tRNA (10109517001,

Roche) for at least 1 hr at 4oC with rotation. Blocked beads were washed with 0.5%

BSA/PBS and resuspended in Chromatin Dilution Buffer to achieve the original slurry

volume prior to use.

Pre-cleared chromatin was removed from the beads and 100 µL (1%) pre-cleared

chromatin was taken as an input control. The rest pre-cleared chromatin was incubated

with 30 µL anti-HA antibody (3724, Cell Signalling) at 4oC with rotation overnight.

Immune complex was captured by incubation with 50 µL blocked Dynabeads Protein A

at 4oC for 3 hr with rotation. Beads were collected and washed with following buffers:

once with Low Salt Buffer (20mM Tris pH 8.0, 150mM NaCl, 0.1% SDS, 1% Triton
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X-100, 2mM EDTA), once with High Salt Buffer (50mM HEPES pH7.5, 500mM NaCl,

0.1% deoxycholic acid, 1% Triton X-100 and 1mM EDTA), once with Lithium Chloride

Buffer (10mM Tris pH 8.0, 250mM LiCl, 1% deoxycholic acid, 1% NP-40 and 1mM

EDTA) and twice with TE Buffer (10mM Tris-HCl pH 8.0, 1mM EDTA). For each wash,

the beads were resuspended in 1 mL wash buffer in the 1.5 mL Eppendorf tube, rotated

for 5 min and collected by placing samples onto the DynaMag™-2 Magnet (12321D,

Invitrogen). Samples were transferred into fresh tube after adding the 1st wash buffer

and prior to elution step. Captured crosslinked material was eluted from the beads in 200

µL Elution Buffer (1% SDS and 0.1M NaHCO3) by vortexing and shaking vigorously

for 30min at room temperature. The eluate was transferred to a new 1.5 mL Eppendorf

tube. Input samples were added up to 200 µL with Elution Buffer. 13 µL 5M NaCl was

added to both IP and input samples and reverse-crosslinking was done at 65 oC overnight.

Subsequently, samples were treated with 1 µL 10 mg/mL RNase A (EN0531, Thermo

Scientific) at 37o for 1 hr, followed by incubation with 1 µL of 20 mg/mL Proteinase

K (AM2546, Invitrogen) at 55o for 1 hr. DNA was purified using the ChIP DNA Clean

Concentrator kit (D5205, Zymo Research) following the manufacturer’s instructions.

DNA was eluted in 30 µL elution buffer.

For each IP reaction for Tet2 ChIP-qPCR application, soluble chromatin from 5 x 106

mESCs was pre-cleared using 15 µL blocked Dynabeads Protein A or Protein G slurry

and incubated with 5 µL Tet2 antibody. The immune complex was captured by 15 µL

blocked Dynabeads Protein A or Protein G slurry. ChIP DNA was eluted in 120 µL

elution buffer and purified using the QIAquick PCR Purification kit (28104, Qiagen)

following the manufacturer’s instructions. Prior to column binding step, sample pH was

adjusted by addition of 10 µL 3M NaAc pH5.2. DNA was eluted in 100 µL nuclease-free

water.

2.17.3 Real-time PCR analysis of ChIP DNA

Real-time PCR reaction was setup as follows: 0.15 µL forward primer, 0.15 µL reverse

primer, 7.5 µL 2x QuantiFast SYBR Green PCR Master Mix (204056, Qiagen), and 4

µL DNA in 0.1 mL Capped Strip Tubes (981106, Qiagen). Samples were run in Qiagen
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Rotor-Gene Q platform. Samples were heated at 95o for 5min, followed by 40 cycles

at 95o for 10s and 60o for 30s. A melt curve analysis was performed by ramping the

temperature from 50o to 95o (5s per °C). All measurements were done using two technical

duplicate for each biological replicate. Crossing threshold (Ct) values were averaged

between technical duplicates. Table 2.11 summarizes the primers used for ChIP-qPCR.

The percentage enrichment over input (% input) was calculated to represent the difference

in Ct values between ChIP DNA and input sample.

Table 2.11: Primers used for ChIP-qPCR.

Locus
Name

Use Primer
pair

Sequence mm10 coordinates

Asah3l putative
mESCs Tet2
BS

SK3043 GTATCCGGAGGCTGTCCCG chr4:86,520,282-86,520,377

SK3044 TCGGAGCAGCTTCTCTGCA
MLL1 putative

mESCs Tet2
BS

SK3106 CCTGCCCTGCAATCTGCATA chr9:44,689,521-44,689,595

SK3107 GGGCTCGGCATAGAGCAG
Zmym6 putative

mESCs Tet2
BS

SK3110 AGGCGCCGCAGGAAGTTCTG chr4:126,754,563-126,754,652

SK3111 CCGCCGGTCACGTGATGAG
Ostm1 putative

mESCs Tet2
BS

SK3116 CTCGTGACTCCACTCAGGGC chr10:42,398,696-42,398,787

SK3117 CCGGGCCGGACTGTAACAGA
Ptafr putative HPC-7

Tet2 BS
SK4166 CTTGCTCTGCAGGAAACCTC chr4:132,564,044-132,564,117

SK4167 CCAGATGCCACAGGAACCTC
Prtn3 putative HPC-7

Tet2 BS
SK4168 GCAGCCGTTGTGTTGTGTAA chr10:79,877,934-79,878,023

SK4169 TTGAAATGAAGCCTTGCCGC
Kit putative HPC-7

Tet2 BS
SK4170 AGGCAACTCTACTACAACCGC chr5:75,382,335-75,382,419

SK4171 CTCTTGAGTGCCCCAGGATT
Plec putative HPC-7

Tet2 BS
SK4172 CAGCCCACCAGAAACAGGAA chr15:76,195,842-76,195,921

SK4173 TCCCCCATCGCTATACCCAG
Slc2a3 putative HPC-7

Tet2 BS
SK4176 TCTGATCTTCACCGCTCCAC chr6:122,742,629-122,742,722

SK4177 ACCACGAGGAGGATGTGGTA
NC-1 no Tet2 binding

in ESCs
SK3055 CCTGGTCGTGTAGGTGATCC chr7:28,518,819-28,518,900

SK3056 CACCCACATGGTGGTTCACA
NC-2 no Tet2 bind-

ing in ESCs and
HPC-7

SK2457 AAGTGAGTATTGTCAACTGGCT chr2:107497162-107497233

SK2458 TACATGGTGTATCCCAGAAGGG
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2.17.4 ChIP-seq sample preparation

For sequencing, HA ChIP DNA from 3xHA Tet2 cells and HA ChIP DNA from Tet2-KO

cells were prepared in triplicates. ∼ 2 ng ChIP DNA or input DNA which was quantified

by Qubit™ dsDNA HS Assay Kit (Q32851, Invitrogen) was used for ChIP-seq libraries

for illumina sequencing. Library was prepared using the NEB Ultra™ II DNA Library

Prep Kit (E7645L, NEB) and NEBNext® Multiplex Oligos for Illumina® (Dual Index

Primers Set 1) following manufacturer’s instructions. Amplified library was double-

sided size-selected using AMPure XP beads (Beckman Coulter) at the ratio 0.5x-0.8x

to remove adaptor sequence. Library was quantified using NEBNext® Library Quant

Kit for Illumina (E7630S, New England Biolabs). Equal molar amount of samples with

compatible indexes were pooled and sequenced on Illumina NovaSeq 6000 (150 bp,

pair-end).

2.17.5 Data analysis

In addition to our generated HPC-7 Tet2 ChIP-seq data, HPC-7 histone modification

ChIP-seq and transcription factor ChIP-seq were obtained from publicly available data.

H3K4me3 ChIP-seq was downloaded from Xu et al., 2018. H3K27ac and H3K4me1

ChIP-seq were downloaded from Org et al., 2015. H3K27me3 and H3K36me3 ChIP-seq

were downloaded from Wilson et al., 2016. HPC-7 transcription factors ChIP-seq were

downloaded from CODEX database (Sánchez-Castillo et al., 2015).

Quality control and alignment:

Sequencing quality was examined by FastQC (v0.11.7) (Andrews). Low quality ChIP-

seq reads and adaptor sequence were removed using Trim Galore (v0.5.0) (Felix) with

parameters: –stringency 3 –quality 30 –paired –illumina. ChIP-seq reads were aligned

to mm10 genome using Bowtie2 (v2.3.5) (Langmead and Salzberg, 2012) using default

parameters. Samtools (v1.3) (Li et al., 2009) was used to convert the alignment file from

.SAM to .BAM format, sort the .BAM file according to genomic coordinates, remove

duplicates, and index .BAM files. BEDTools (v2.2) (Quinlan and Hall, 2010) was used

to filter aligned reads in blacklist region. mm10 blacklist region was obtained from
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Amemiya et al., 2019. Unique mapped reads were extracted using grep command by

specifying ’XS tag:- ’.

BigWig files were generated to visualize ChIP-seq in UCSC Genome Browser. In order

to generate bigWig files, aligned reads obtained from biological replicate were merged

using Samtools ’merge’ command, converted into bigWig files using the deeptools

(v2.4.2) (Ramírez et al., 2016) function ’bamCoverage’ with following options: -e. -bs 2,

– normalizeUsingRPKM.

Peak calling:

Regions occupied by Tet2 or enriched in histone modifications were identified by MACS2

(v2.0.10) (Zhang et al., 2008) function ’callpeak’ with q-value cutoff (-q) 0.05. Peak

calling was performed independently using unique mapped reads from each biological

replicate and unique mapped reads from input DNA was used as control to call peaks.

High-confidence Tet2 binding sites were defined by differential binding analysis between

3xHA Tet2 cells and Tet2-KO cells using R package Diffbind (v3.0.7) (Stark and Brown).

Statistically significant differentially bound regions (FDR < 0.5 and log2 fold change <0)

identified in 3xHA Tet2 cells were referred as high-confidence Tet2 peaks (=21883) in

HPC-7 cells.

Peak Annotation

ChIP-seq peaks were annotated to the nearest gene TSS and assigned to genomic features

(Promoter, 5’ UTR, 3’ UTR, Exon, Intron and Downstream Intergenic) using R package

ChIPseeker (v1.26.0) ’annotatePeak’ (yu). Gene annotation files were downloaded from

TxDb.Mmusculus.UCSC.mm10.knownGene (v3.10.0). Average Profile of ChIP peaks

binding to TSS region (+/- 3Kb to TSS) was plotted using ’plotAvgProf’. Genomic

annotation was visualized by ’plotAnnoPie’ or ’plotAnnoBar’. Functional profiles

comparison of ChIP-seq peaks were using R package clusterProfiler (v3.18.0) (Yu et al.,

2012a).

Transcription factor binding motif analysis
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ChIP-seq peaks-associated DNA sequence was obtained using BEDtools (v2.2) ’getfasta’

(Quinlan and Hall, 2010) and analyzed for motif discovery, motif enrichment analysis

using MEME-ChIP (v 5.3.0) (Machanick and Bailey, 2011). Input motif was from

HOCOMOCO Mouse (v11 FULL).

Downstream analyses and visualisation

ChIP-seq aligned reads and peaks were visualized in average signal plot, heatmap using

EaSeq (v1.05) (Lerdrup et al., 2016). Random matched control regions for Tet2 peak sets

(with respect to gene bodies) were generated using the ’Matched controls’ tool in EASeq

with default settings. Tet2 peaks were uploaded to Cistrome Data Browser (Zheng et al.,

2019) using the ’ToolKit’ function to search for factors which have a significant binding

overlap with Tet2 peak set.

2.18 TAPS-β:

DNA methylation changes of HPC-7 and its derivatives were examined using TAPS-β

(TET-assisted pyridine borane sequencing-β) by Dr. Sophie Kirshner in the group as

previously described in Liu et al., 2019b. Genomic DNA from each of following cell

group were prepared for experiments: WT HPC-7, Tet2-KO clone 2-1, Tet2-KO clone 2-7

and HPC-7 KO 2-7/PiggyBac 3xHA Tet2 cells (induced by 100 ng/mL dox for 24 hr).

Data analysis was performed by Olena Yavorska.

2.18.1 Sample prepration

Genomic DNA sonication and 5hmC blocking:

Genomic DNA was prepared as previously described in section2.3. 100 ng genomic DNA

was mixed with 0.5 ng M.SssI methylated λ DNA in 130 µL elution buffer (19086, Qiagen)

and fragmented to around 300 bp using Covaris S220 ultrasonicator with following

program: Peak Incident Power-175 watt, Duty Factor-10%, Cycles/Burst-200, Duration-

180 s. DNA was size-selected to 200-400 bp using double-sided 0.55X – 1X Agencourt

AMPure XP beads (A63881, Beckman Coulter). DNA was eluted in 21 µL elution

buffer and 1 µL DNA was run on Bioanalyzer 2100 to check for size distribution. DNA
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was additionally spiked-in with 250 bp v1 spike-in oligo (home-made) before 5hmC

blocking. For a 50 µL 5hmC blocking reaction, 2.5 µL 1 M HEPES, pH 8.0 (H3375,

Sigma), 1.25 µL 1 M MgCl2, 5 µL 50x UDP-Glc (2mM, New England Biolabs), 1 µL

T4-βGT (M0357S, New England Biolabs), 0.4 µL 250 bp v1 spike-in (1 ng/µL), 20 µL

gDNA (100 ng) and 19.85 µL nuclease-free H2O (10977035, Invitrogen) were mixed and

incubated at 37oC for 1 h. DNA was purified twice using Micro Bio-Spin P6 column (In

tris buffer, 7326221, Bio-Rad), followed by purification with 1.8X AMPure XP beads,

and eluted in 25 µL elution buffer.

End-repair/dA-tailing and adapter ligations:

Sequencing library was prepared using NEBNext Ultra II DNA Library Prep Kit for

Illumina (E7645, New England Biolabs) according to the manufacturer’s instructions.

End-repair/ dA-tailing reaction was assembled as follows: 1.5 µL NEBNext Ultra II End

Prep Enzyme Mix, 3.5 µL NEBNext Ultra II End Prep Reaction Buffer, 25 µl 5hmC

blocked fragmented DNA. Reaction was placed in the Veriti Thermal Cycler with the

heated lid set to 75oC, and run the following program: 20oC for 30 min, 65 oC for 30

min, and hold at 4 oC. 1.75 µl home-made Adaptor (15 µM), 15 µL NEBNext Ultra II

Ligation Master Mix, 0.5 µL NEBNext Ligation Enhancer were added into the End Prep

Reaction Mixture and incubated at 20 oC for 30 min in the thermo cycler with the heated

lid off. adapter-ligated DNA was purified with 0.9X AMPure XP beads and eluted in 20

µL nuclease-free water.

mTet1 CD oxidation:

Oxidation reaction was set up in a 50 µL volume on ice as follows: 20 µL adapter-ligated

DNA, 15 µL mTet1CD oxidation buffer, 3.33 µL 1.5 mM Fe(NH4)2(SO4)2, 9 µL 20 µM

moue Tet1 CD (home-made) and nuclease-free H2O. The reaction was incubated at 37oC

for 80 min and stopped by adding 1 µL Proteinase K (P8107S, New England Biolabs) and

incubated at 50oC for 1 h. Oxidized DNA was purified using Micro-Spin P30 columns (in

Tris buffer, 7326250, Bio-Rad), followed by purification with 1.8 x AMPure XP beads,

and eluted in 35 µL nuclease-free H2O.
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Pyridine borane reduction:

Oxidized DNA in 35 µL H2O was reduced by adding 10 µL of 3 M sodium acetate

solution, pH = 4.3 and 5 µL of 10 M pyridine borane (L13178.09, Alfa Aesar). Reaction

was incubated at 37oC for 16 h in a ThermoMixer C (Eppendorf) at 850 rpm. Converted

DNA was purified using Zymo-Spin IC columns (C1004-50, Zymo) and eluted in 20 µL

H2O.

Validation of 5mC conversion and 5hmC protection using TaqαI assay:

TaqαI digestion assay was used to confirm the conversion of 5mC to T in the TAPS-

β library. A 194 bp DNA containing a single TaqαI restriction site (TCGA) was

PCR amplified from the methylated λ DNA. A 25 µL PCR reaction was assembled

as follows: 2 ng converted DNA, 1x Taq buffer, 0.2 mM dNTPs, 0.2 µM forward

primer (SK4182: GCTGGGGAACTACAGGCT), 0.2 µM reverse primer (SK4183:

AGAACCAGAACTCAAACTGTAC), 0.125 µL Taq DNA polymerase (M0273, New

England Biolabs), nuclease-free H2O. PCR was run in a thermo cycler using following

program: initial denaturation at 95 oC for 30 s, denaturation at 95 oC for 30 s, annealing

at 48 oC for 30 s, extension at 68 oC for 1 min, final extension at 68 oC for 5 min, hold

at 4 oC, 35 cycles were used. PCR products were run on a 2% agarose gel to check

the amplicon size and purified using the NucleoSpin PCR clean-up kit. PCR products

were digested in a 10 µL reaction with 1x CutSmart buffer and 0.2 µL TaqαI (R0149S,

New England Biolabs). Reaction was incubated at 65 oC for 30 min. Non-digested and

digested DNA were run together in a 2% agarose gel to check for the digestion. 250 bp

v1 spike-in DNA contains a single TaqαI restriction site with symmetrical 5hmC site.

5hmC was protected by βGT-mediated blocking from C to T conversion and 5hmC was

kept intact as C in the TAPS-β library. Spike-in DNA was amplified from the converted

TAPS-β DNA as previously described with following primer pairs: annealing at 44 oC.

PCR products were digested with TaqαI enzyme and run on the agarose gel to check for

the digestion.

Library amplification and sample pooling:
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The final sequencing library was amplified using KAPA HiFi HotStart Uracil+ ReadyMix

PCR Kit (KK2801, Roche) according to the manufacturer’s instructions. Briefly, con-

verted/ adapter-ligated library DNA was mixed with 25 µL 2x KAPA HiFi HotStart

Uracil+ReadyMix, NEBNext® Multiplex Oligos for Illumina® (Dual Index Primers Set

1) in a final 50 µL reaction and library was amplified in a thermo cycler for 5 cycles and

purified on 1X Ampure XP beads. Pooled library was sequenced in a Novaseq 6000 to

generate 150 bp paired-end reads.

2.18.2 Data analysis

Quality control and alignment

Sequencing data quality was examined by FastQC (v0.11.9). Low quality reads were

trimmed using Trim Galore (v0.6.4) with parameters: -q 20 –length 20 –paired. Reads

were mapped to a genome including spike-in sequences (lambda DNA, and 250 bp

oligo and the mm10 mouse genome using asTair (v3.2.6) with default parameters. PCR

duplicates were removed with Picard MarkDuplicates (v2.22.8) from the lambda DNA

and mm10 reads.

Spike-in analysis

DNA modifications for each spike-in DNA were called by asTair call (v3.2.6) with fol-

lowing parameters: –context all –minimum_base_quality 13 –method mCtoT –N_threads

1 –max_depth 4000000.

Genome analysis

DNA modifications were called on each chromosome separately by asTair call (v3.2.6)

with following parameters: astair call –context CpG –minimum_base_quality 13 –method

mCtoT –N_threads 5 -chr $CHR_NAME. DNA modifications from each chromosome was

combined to get one modification file per sample. Data was filtered by awk (v4.0.2) to con-

tain positions with 5’ reads. DNA modification changes on following comparison groups:

KO1 and WT, KO7 and WT, KO7 and HAT, were analyzed by bedtools intersect (v2.25.0)
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with these parameters: intersectBed -wb -sorted -a $INPUTFILENAME1 -b $INPUT-

FILENAME2 | awk -v FS=’\t|_’ ’printf "%s\t%s\t%s\t%s\t%s \t%s\t%s\n", $1, $2, $3, $4,

$5, $9, $10 ’ - > $RESULT_DIR\$INPUTFILENAME1_short_overlap_$INPUTFILENAME2_short.txt.

Modification level was compared using a custom R script using a prop.test() to obtain

a p-value of the significance of modification changes. DNA modification level for each

sample group was visualized in bigWig format at ucsc genome browser.

Genomic annotation

CpG islands, shelf, and shore annotation were directly extracted from the annotatr package

(v1.16.0) (Cavalcante and Sartor, 2017). Promoters were defined by the transcription start

sites of the mm10 genes and HPC-7 H3K4me3 ChIP-seq data. Four types of promoter

regions were defined as follows: 1.H3K4me3 peaks; 2. H3K4me3 proximal regions: 1

kb either side of the H3K4me3 peaks; 3. Gene-associated H3K4me3 peaks: H3K4me3

peaks overlap with a known start-codon within 1 kb; 4. Promoter proximal regions, i.e.

4 kb upstream of gene-associated H3K4me3 peaks. Enhancers were defined as regions

positive for H3K4me1 and have no H3K4me3 signal. DNA modification level on the

annotated genomic regions were calculated using bedtools map (v2.25.0) with following

parameters: bedtools map -a $REF_FILE -b $INPUTFILENAME -c 4 -null ’NA’ -o

mean,count > $RESULT_DIR\$INPUTFILENAME_short.
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3.1 Introduction

The importance of Tet2 function in normal and malignant hematopoiesis has been sup-

ported by the high frequency of TET2 mutations identified in patients with hematopietic
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malignancies and abnormal myelopoiesis caused by Tet2 depletion in mouse. Current

understanding of the molecular mechanism of Tet2 function in hematopoiesis has been

hampered by the limited availability of the primary hematopoietic stem cells/progenitor

cells (HSC/HSPC). To overcome the shortage of the studying material and to have a

comprehensive understanding of Tet2 function in a physiological hematopoietic context,

I used an established mouse multipotent HSCs-like cell line, hematopoietic progenitor

cell (HPC)-7 cells, as a model to study hematopoiesis. In this chapter, I firstly examined

the characteristics of HPC-7 cells as a multipotent HSPC cell line, then I generated a

Tet2-KO HPC-7 cell line by CRISPR-Cas9 technique and explored the cell growth and

cell differentiation phenotype of the KO cells.

3.2 Results

3.2.1 HPC-7 shows similar surface marker expression as the hemato-
poietic progenitor cells

HPC-7 cells are immortalized murine HPC (hematopoietic precursor cell) cells generated

by differentiating the LH2 (LIM-homeobox gene)-transduced mouse ES (embryonic stem)

cell (Pinto do O, 1998). HPC-7 require stem cell factor (SCF) for growth. HPC-7 have

been used as a cell line model for multipotent myeloid progenitor cell (Hardison et al.,

2020). To test whether the HPC-7 cells in culture maintain the HPC features, I first

examined the HPC-7 surface marker expression by flow cytometry analysis (Figure 3.1).

The result suggests that most of the HPC-7 express the hematopoietic progenitor cells

marker, CD34. And the entire population of HPC-7 cells exhibit the expression of c-

Kit, CD44, and CD29. HPC-7 have no significant expression of CD3e (T cell marker),

TER119 (erythroid marker), CD11b/ Mac-1 (macrophage/ monocyte marker), F4/80

(macrophage/ monocytes marker), and Gr-1 (granulocyte marker). A small proportion of

HPC-7 express B220 (B cell marker), but have no expression of CD19 (B cell marker).

Flow cytometry analysis with CD34/ B220 double staining revealed this population was

CD34+B220+ (Data not shown). Collectively, the surface marker expression profile of

HPC-7 cells in culture is consistent with the finding in Pinto do O, 1998. The expression
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of c-Kit and CD34 and lack of expression of lineage marker support that HPC-7 display

features of multipotent hematopoietic progenitor cells.

Figure 3.1: FACS analysis of surface marker expression of HPC-7 cells. Cells were cultured
in SCF (100 ng/mL) before staining. Antibody stainings are as indicated. Hematopoietic progenitor
cell marker: CD34 and c-Kit, T cell marker: CD3e, B cell marker: B220 and CD19, erythroid
marker: TER119, macrophage/ monocyte marker: CD11b/ Mac-1 and F4/80, granulocyte marker:
Gr-1.

3.2.2 HPC-7 exhibits hematopoietic differentiation potential in vitro

To test if the HPC-7 in culture exhibit differentiation ability, I performed colony-forming

unit (CFU) assay by culturing the HPC-7 cells in the methylcellulose medium (M3434,

STEMCELL Technologies) supplemented with appropriate cytokines (SCF, IL-3, IL-6

and EPO). After 14 days of culture, four types of colonies were derived from HPC-7

(Figure 3.2A):
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Figure 3.2: HPC-7 differentiates into various blood cell types in vitro. Cells were cultured in
methylcellulose CFU medium with recombinant cytokines(SCF, IL-3, IL-6, EPO) for 14 days.
(A) Graphs shows the formed colonies from HPC-7 cells, including CFU-GEM (granulocyte,
erythrocyte, macrophage), CFU-GM (granulocyte/macrophage), BFU-E (Burst-forming unit-
erythroid) and CFU-M (macrophage). (B) Giemsa-Wright staining of cells from HPC-7 derived
colonies. Cytospins images are shown. Scale bar indicates 20 µM.

CFU-GEM: Colony-forming unit-granulocyte, erythroid, macrophage. CFU-GEM is

smaller than the CFU-GM in size. CFU-GEM has a highly dense core with a border

between the center and peripheral cells.

CFU-GM: Colony-forming unit-granulocyte, macrophage. CFU-GM is a large colony of

multiple cell clusters with a dense core. The larger cells are monocytic cells, the relatively

smaller round cells are granulocytes.
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BFU-E: Burst-forming unit-erythroid. BFU-E is tiny and made of erythroid clusters.

CFU-M: Colony-forming unit-macrophage. CFU-M only contain macrophage lineage.

Morphology analysis on cells from the CFU colonies indicated that HPC-7 could dif-

ferentiate into macrophage, neutrophil, erythroid, and megakaryocyte (Figure 3.2B).

In summary, the existence of four types of colonies in the CFU assay indicated the

different hematopoietic potential within the HPC-7 cell population. Some HPC-7 cells

exhibit multipotent progenitor cell capacity and could differentiate into tri-lineage colony

(CFU-GEM), whereas some of the cells are more restricted into one or two lineages

(CFU-M/CFU-GM,BFU-E). Furthermore, nearly 90% of the colonies formed in the

CFU assays were CFU-GM, suggesting most of the HPC-7 cells have a myeloid lineage

differentiation preference in vitro.

3.2.3 Generation of Tet2 knock-out HPC-7 cell line by CRISPR-
Cas9

To investigate the Tet2 function in HPC-7 cells, I generated the Tet2 knock-out (KO)

HPC-7 cell lines using CRISPR-Cas9 technique to identify cellular and molecular

changes led by Tet2 deficiency. To knock-out Tet2 gene in HPC-7, I tested and com-

pared two Single-guide RNA (sgRNA). I designed sgRNA1 using Benchling software

(https://benchling.com), to target the start codon of Tet2 first coding exon, exon3 (Figure

3.3A). sgRNA2 with the EcoRV recognition site within the target locus was published

by Wang et al., 2013. Two sgRNA were cloned into the pSpCas9(BB)-2A-GFP plasmid

(PX458) respectively and delivered into the HPC-7 cells by electroporation. GFP-positive

single cell was sorted after electroporation and grown for clonal cell line isolation.

To identify true Tet2-KO clone, I firstly screened the clonal cell lines to identify clone

which exhibits decreased 5hmC (Figure 3.4A). In addition to the detection of Tet2

enzymatic activity, to identify true Tet2-KO clone from sgRNA2-targeting group, I also

utilized the restriction enzyme digestion site included in the sgRNA sequence. A 500 bp

PCR product was amplified around the sgRNA2-targeted site and digested with EcoRV

(Figure 3.3B). A correctly targeted allele will lose the restriction enzyme digestion site,
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thus the PCR fragments can not be digested by EcoRV. All 9 sgRNA2-targeting KO

clones (1-9) had mutations on both alleles of Tet2 gene. KO clone 10 had a smaller PCR

product compared with the wild-type cells, indicating a big deletion on both alleles of

Tet2 gene. In summary, all 10 clones from sgRNA2-targeting group carried mutations at

both alleles of Tet2 gene.

Figure 3.3: Construction of Tet2-KO HPC-7 cell lines by CRISPR-Cas9. (A) Schematic rep-
resentation of CRISPR gRNA-targeting sites in Tet2 gene. Two different gRNAs were designed
and used for targeting Tet2 in HPC-7 cells separately. The gRNA-targeting site is underlined,
followed by PAM sequence (Red), the restriction digestion site is labeled in gray. (B) Genotyping
analysis of #2 gRNA-targeted HPC-7 clones. A 500 bp PCR product was amplified around the
sgRNA2-targeted site and digested with EcoRV.

Two clones (KO 1-3 and 1-8) out of ten examined clones from sgRNA1-targeting cells

and three clones (KO 2-1, KO 2-7 and KO 2-9) out of ten examined clones from sgRNA2-

targeting cells showed decreased 5hmC level (Figure 3.4A Right), suggesting a loss of

Tet2 5mC oxidation activity. The residual 5hmC in Tet2-KO clones might reflect the Tet3

activity since HPC-7 cells express both Tet2 and Tet3 (Figure 3.5). Complete loss of Tet2

full-length protein was confirmed in three clones (KO 2-1, KO 2-7 and KO 2-9) from

sgRNA2-targeting cells but not in clones from sgRNA1-targeting cells (Figure 3.4B). A

truncated Tet2 protein which had a smaller molecular weight than the WT protein was

still detected in the KO clones (Figure 3.4B). The protein truncation could be generated

due to the mutation led by sgRNA1-targeting which leads to a pre-mature stop codon in

the reading frame, or Tet2 might have more than one ATG to initiate translation, thus, the

disruption of the predominant ATG does not lead to a complete loss of protein. Sanger

sequencing revealed that both alleles of Tet2 gene were mutated and showed different

mutations in Tet2-KO 2-1 and KO 2-7 clone (Figure 3.4C).
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Figure 3.4: Characterization of Tet2-KO HPC-7 cell lines. (A) LC-MS/MS measurements of
genomic 5-mC level (left) and 5-hmC level (right) in Tet2-KO HPC-7 clones. Mean values
from three biological replicates are plotted. Error bars indicate standard deviation. LC-MS/MS
measurement was done by Paolo Spingardi. (B) Western blot analysis of Tet2 protein in whole
cell lysate of Tet2-KO HPC-7 clones. Actin and total histone H3 serve as loading controls. (C)
Sanger sequence of sgRNA2-targeting sites in Tet2-KO clones.

To examine whether Tet2 depletion in HPC-7 cells could lead to any compensation activity

from other Tet family proteins, I compared the mRNA expression of all three Tet genes in

Tet2-KO versus WT cells (Figure 3.5). Tet2 and Tet3 are expressed in HPC-7, whereas

Tet1 is lowly expressed in HPC-7. Tet2-KO clones had no significant changes in Tet1

and Tet3 gene expression. Interestingly, Tet2 mRNA was still detected in Tet2-KO clones.

In summary, two Tet2-KO HPC-7 cell lines, KO 2-1 and KO 2-7, were generated using

CRISPR-Cas9 technique. The two Tet2-KO cell lines were characterized with different

mutations on both alleles of Tet2 gene, complete loss of Tet2 protein and decreased 5hmC

level. In the rest of this chapter and the next chapter, I will introduce the cellular and

molecular changes led by Tet2 deficiency which were shown in the proposed experiments

listed in the Figure 3.6.
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Figure 3.5: Tet2 Knock-out in HPC-7 cells does not lead to significant changes of other Tets
gene expression. Quantitative RT-qPCR analysis of Tet1, Tet2, and Tet3 in Tet2-KO HPC-7 clones.
Data are normalized to Gapdh. Mean values from three biological replicates are plotted. Error
bars indicate standard deviation. The difference between samples was compared using 2-way
ANOVA and Tukey’s multiple comparisons test. ns, not significant.

Figure 3.6: Flowchart of experiments on Tet2-KO HPC-7 clone 2-1 and 2-7.

3.2.4 Tet2 depletion causes no significant changes in HPC-7 surface
marker expression

Tet2 depletion in mice leads to increased hematopoietic stem cell and promotes the cell dif-

ferentiation towards myeloid lineage (Ko et al., 2011; Li et al., 2011b; Moran-Crusio et al.,

2011; Quivoron et al., 2011). To understand if Tet2 deficiency alters the progenitor cell

features of HPC-7 and leads to spontaneous cell differentiation under SCF-containing

medium culture, I examined the surface marker expression of Tet2-KO and WT cells

maintained in medium supplemented with SCF for expansion. In general, Tet2-KO clones

showed similar surface marker expression as the WT cells (Figure 3.7). Particularly,

Tet2-KO cells still showed expression of the two hematopoietic progenitor cell markers

CD34 and c-Kit, and maintained the HPC-like properties without the expression of any

hematopoietic lineage markers. Intriguingly, compared with WT cells, both Tet2-KO cells



3. The effect of Tet2 deficiency in HPC-7 cells 110

Figure 3.7: FACS analysis of surface marker expression of Tet2-KO HPC-7 cell lines. Cells
were cultured in SCF (100 ng/mL). Antibody stainings are as indicated. Hematopoietic progenitor
cell marker: CD34 and c-Kit, T cell marker: CD3e, B cell marker: B220 and CD19, erythroid
marker: TER119, macrophage/ monocyte marker: CD11b/ Mac-1 and F4/80, granulocyte marker:
Gr-1. WT: wildtype HPC-7, KO 2-1: HPC-7 Tet2 knock-out clone 2-1, KO 2-7: HPC-7 Tet2
knock-out clone 2-7.

showed reduced CD34- population, reflecting that Tet2 might play a role in regulating

CD34 expression. But RNA-seq does not reveal there is a significant change of CD34
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mRNA level in Tet2-KO cells compared with WT. And another possible explanation for

the reduced CD34- population is that this could be a consequence of clonal cell isolation

where the initial single Tet2-KO cell comes from the CD34+ WT cells.

3.2.5 Tet2 depletion reduces HPC-7 cell viability at low-SCF culture
condition

Previous studies have suggested that TET2 might play a role in cell proliferation or

cell viability. Single-cell clonogenic assays showed that LSK cells isolated from Tet2-/-

mice developed more colonies and generated greater numbers of total cells (Li et al.,

2011b), suggesting a role for TET2 in repressing cell proliferation. In support of this idea,

overexpression of TET2 in human AML HL-60 leukemic cells was found to reduce the

cell proliferation and clonogenicity, indicating a role for TET2 in inhibiting the leukemia

cell proliferation (Wang et al., 2015b). To investigate the effect of Tet2 depletion on cell

growth in HPC-7, I checked the cell viability of Tet2-KO cells and WT cells grown in

medium with a range of SCF concentrations for 2 days. Cell viability was examined by

Annexin V and 7-AAD staining. Annexin V binds to phospholipid phosphatidylserine

(PS) exposed by the apoptotic cells. 7-AAD would be excluded from the viable cells

with intact membrane, whereas, dead and damaged cells lose its membrane integrity and

are permeabilized to 7-AAD. Viable cells which are characterized by Annexin V- and

7-AAD -) were quantified by flow cytometry analysis (Figure 3.8). Both WT and Tet2-KO

HPC-7 cells showed SCF-dependent cell proliferation and less extent of cell apoptosis

was observed in higher SCF-containing medium. Moreover, Tet2-KO clone 2-7 exhibited

significantly reduced cell viability at low SCF concentration (10 and 20 ng/mL). These

data suggest that Tet2 seems to promote cell viability at low SCF concentration medium,

which contradict with known function of TET2 in negatively affecting cell proliferation.

The observed cell viability defects in Tet2-KO HPC-7 cells might be a cell type-specific

phenotype.
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Figure 3.8: Depletion of Tet2 in HPC-7 leads to decreased cell viability in low SCF
concentration. Cells were seeded in equal cell density, cultured in media with indicated SCF
concentration for 2 days, and stained with 7-AAD and Annexin V. (A) A representative example
of 7-AAD and Annexin V staining of cells cultured in 10 ng/ml or 100 ng/ml SCF media. (B) The
percentage of viable cells (Annexin V-, 7-AAD -) in cell culture with different SCF media. Mean
values from three biological replicates are plotted. The difference between samples was compared
using 2-way ANOVA and Tukey’s multiple comparisons test. ns, not significant, *, p<0.05, **,
p<0.01.

3.2.6 Tet2 depletion in HPC-7 results in decreased cell viability and
increased myeloid differentiation in vitro

Tet2 depletion in mice skew the cell differentiation towards myeloid lineage (Ko et al.,

2011; Li et al., 2011b; Moran-Crusio et al., 2011; Quivoron et al., 2011). To test the role

of Tet2 deficiency in HPC-7 cell differentiation, I cultured the Tet2-KO and WT cells in

the presence of G-CSF (granulocyte colony-stimulating factor), GM-CSF (granulocyte-

macrophage colony-stimulating factor), IL-3 (Interleukin-3) and IL-6 (Interleukin-6), a

cytokine combination designed for myeloid differentiation (Dassé et al., 2012). After 8

days, almost all the HPC-7 cells showed decreased expression of the stem cell marker

CD34 and some of the HPC-7 cells expressed the myeloid marker CD11b and macrophage

marker F4/80 (Figure 3.9A and B). Compared to WT cells, Tet2-KO HPC-7 cells had a

larger population of F4/80-expressing cells and CD11b-expressing cells (Figure 3.9C),

suggesting that the absence of Tet2 could promote HPC differentiation into myeloid

lineage. This differentiation phenotype in Tet2-KO HPC-7 cells is consistent with the

finding in Tet2-deficient mouse models, where Tet2 deficiency leads to an elevated

extramedullary myelopoiesis in the significantly enlarged spleen of the animals (Ko et al.,
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Figure 3.9: Depletion of Tet2 in HPC-7 results in decreased cell viability and increased
myeloid differentiation in vitro. Cells were cultured in Stem Pro-34 media supplemented with
G-CSF, GM-CSF, IL-3 and IL-6 for 8 days. Cells were stained with murine HPC marker, CD34,
and myeloid lineage markers, CD11b and F4/80, and analyzed by flow cytometry. (A) and
(B) Flow cytometry analysis of surface marker expression of Tet2-KO cells during myeloid
differentiation. (A) and (B) were results from two biological replicates. (C) The percentage of
viable cells (7-AAD-), CD11b+, and F4/80+ cells in Tet2-KO cells cultured in differentiation
media for 8 days. Mean values from two biological replicates are plotted. Error bars indicate
standard deviation. The difference between samples was compared using unpaired t-test. ns, not
significant, *, p<0.05, **, p<0.01
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2011; Li et al., 2011b; Moran-Crusio et al., 2011; Quivoron et al., 2011). A similar

differentiation phenotype was also observed in an in vitro study where knock-down

of Tet2 in mouse bone marrow cells led to an expansion of CD11b and F4/80 cells when

culturing with G-CSF and GM-CSF (Ko et al., 2010). Another interesting finding of the

in vitro myeloid differentiation assay was the impaired viability in Tet2-KO cells (Figure

3.9C left). The detailed mechanism for the cell viability defects can not be addressed

without further experiments.

3.2.7 Tet2 depletion in HPC-7 causes reduced colony numbers and
immature cell differentiation in CFU assay

To examine if Tet2 depletion had an effect on the progenitor cell potential, I performed

the CFU assay on the two Tet2-KO clones to determine the cell proliferation and

differentiation ability of individual cells upon Tet2 deficiency. After 14 days of culture,

Figure 3.10: Depletion of Tet2 in HPC-7 causes reduced colony numbers and immature
cell differentiation in CFU assay.Cells were cultured in methylcellulose CFU medium with
recombinant cytokines(SCF, IL-3, IL-6, EPO) for 14 days. (A) Absolute number of colonies
is shown. Mean values from three biological replicates (three technical replicates for each
independent experiment) are plotted. Error bars indicate standard deviation. The difference
between samples was compared using unpaired t-test. ****, <0.0001. (B) Giemsa-Wright staining
of cells from Tet2-KO cell-derived colonies. Cytospins images are shown. Scale bar indicates 100
µM.
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both Tet2-KO clones had the significantly reduced numbers of colonies than the WT

cells (Figure 3.10A), which is in line with the observation of poor viability identified in

Tet2-KO cells in SCF culture assay (Figure 3.8) and myeloid differentiation (Figure 3.9B.

Left).

Strikingly, most colonies derived from Tet2-KO cells were CFU-M and showed similar

shape and structure under microscope. Giemsa staining revealed that the differentiated

cells in Tet2-KO exhibited an uniformed cell morphology compared to cells developed

from WT cells (Figure 3.10B), reflecting a cell differentiation block phenotype caused by

Tet2 deficiency. And this cell differentiation defect phenotype was also supported by the

previous CFU assay on c-Kit+ progenitor cells from Tet2-deficient mouse (Quivoron et al.,

2011), suggesting a role of Tet2 in restricting the immature cell differentiation.

3.3 Discussion

In this chapter, I chose the mouse hematopoietic progenitor cell line, HPC-7 cells,

as a model to study the molecular mechanism of Tet2-mediated gene regulation in a

hematopoietic context. The mulitpotency of HPC-7 cells was confirmed by the CFU

assay (Figure 3.2). To study the Tet2 function in HPC-7 cells, a Tet2-KO HPC-7 cell line

was generated using CRISPR-Cas9 technique. Tet2-KO clone 2-1, and Tet2-KO clone

2-7 were identified as true KO clone which is characterized with complete loss of Tet2

full-length protein and decreased 5hmC level (Figure 3.4).

Tet2-KO cells exhibited similar cell growth rate as the WT cells when maintained in

the SCF medium at the concentration of 100 ng/mL, whereas in low SCF concentration,

KO cells showed slightly impaired cell viability (Figure 3.8), and this viability defect

was exacerbated in liquid myeloid differentiation (Figure 3.9) and CFU assays (Figure

3.10). Lack of SCF in the differentiation medium might contribute to the observed poor

viability in the liquid myeloid differentiation since a great number of cells died at the

myeloid differentiation Day2 when cells showed no sign of differentiation. But this could

not explain the reduced numbers of colonies derived from the Tet2-KO cells in the CFU

assay since the CFU medium contains SCF. The reduced colonies numbers in Tet2-KO
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cells might reflect: 1. The proportion of progenitor cell population within HPC-7 cells

is decreased in Tet2-KO group since CFU assay is to examine the cell proliferation and

differentiation ability of each individual cells within the population; 2. Tet2 depletion

might provide a cell proliferation disadvantage and the cell viability defect become more

significant when cells were under certain stimuli, such as, low SCF or differentiation

pressure. Furthermore, the cell viability defect led by Tet2 depletion in HPC-7 seems to

contradict the HSC growth advantages phenotype observed in Tet2-deficient mice and

increased in vitro replating ability (Ko et al., 2011; Li et al., 2011b; Moran-Crusio et al.,

2011; Quivoron et al., 2011). Given that HPC-7 is a hematopoietic progenitor cell line

originally derived from mouse embryonic stem cells and might not be able to capture all

the characteristics of the in vivo bone marrow-resided HSC/HPC cells, the cell growth

defect caused Tet2 depletion in HPC-7 could be a cell-type dependent phenotype specific

to HPC-7 itself. Furthermore, in vitro culture system oversimplifies the HSC/HPC growth

environment in the mice, which makes it difficult to directly compare this HPC-7 cell

growth defect to the HSC growth advantages reported in the Tet2-/- mice, so that it might

be interesting to do in vivo competitive repopulating assay to transplant both the WT and

Tet2-KO HPC-7 cells into the same recipient mouse to compare their growth ability.

In addition to the cell viability difference, Tet2-KO HPC-7 cells showed increased

differentiated cells marked with the expression of CD11b and F4/80 when culturing in

IL-3, IL-6, G-CSF and GM-CSF (Figure 3.9). Strikingly, in the CFU assay, differentiated

Tet2-KO cells exhibited similar cell morphology, whereas WT group had more diverse

cell types after differentiation (Figure 3.10). The uniformed differentiated cells might

reflect a differentiation arrest caused by Tet2 deficiency. And it would be interesting

to identify the stage of cell differentiation in the Tet2-KO cells. Finally, the molecular

changes caused by Tet2 deficiency and the possible mechanism for Tet2-mediated gene

regulation would be introduced in the Chapter 4.
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4.1 Introduction

In this chapter, I focus on the understanding of the molecular changes upon Tet2 deficiency

in HPC-7 cells and the possible mechanism of Tet2 function in gene regulation. I will

firstly introduce the gene expression changes measured by RNA-seq in Tet2-KO HPC-7

cells (Chapter 4.2.1). In order to identify Tet2-direct gene targets, endogenous ChIP

experiment was initially attempted and failed to continue because of high background

of ChIP signal in control cells (Tet2-KO cells). Tet2 binding sites (BS) were finally

determined by HA ChIP-seq on Tet2-KO HPC-7 with the re-expression of 3xHA Tet2

(Chapter 4.2.2). The distribution of genomic features, functional pathway and transcrip-

tion factor binding sites enriched in Tet2 BS will be explained in Chapter 4.2.3. The effect

of Tet2 binding in gene regulation will be discussed in Chapter 4.2.4. 5mC Changes in

Tet2-KO versus WT cells were quantified by TAPS-β (Chapter 4.2.5) and the contribution

of Tet2-involved DNA demethylation to gene expression will be discussed in Chapter

4.2.6 and 4.2.7. Finally, I will introduce the observed co-localization of Tet2 and several

key hematopoietic transcription factors in HPC-7 genome (Chapter 4.2.8). The TAPS-β

experiment was performed by Dr. Sophie Kirschner and the data was analyzed by Olena

Yavorska.

4.2 Results

4.2.1 Differential gene expression analysis in Tet2-KO HPC-7 cells

To uncover the molecular changes led by Tet2-deficiency, I performed calibrated RNA-

sequencing using mRNA isolated from Tet2-KO (clone 2-1 and clone 2-7) and WT HPC-7

cells with chicken embryo fibroblast DF-1 cell spike-in (Figure 4.1). The typical gene

expression analysis is based on the assumption that the total number of transcripts per

cell is almost constant across all conditions (Taruttis et al.), but this assumption does not

always hold (e.g. P493-6 cells expressing higher levels of c-Myc were found to produce

2-3-fold higher levels of RNA found in cells with low level of c-Myc (Lin et al.)). The
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use of spike-in cells would allow the normalization to cell number and permit correction

for differences in RNA yields among conditions (Taruttis et al.).

Figure 4.1: Flowchart of RNA-sequencing experiments on Tet2-KO HPC-7 cells. Chicken
DF-1 cells were spiked-in HPC-7, Tet2-KO clone 2-1, and Tet2-KO clone 2-7 cells on a per-cell
basis followed by RNA/ DNA dual extraction and genomic sequencing. Three biological replicates
were prepared. RNA-seq (bar chart on the left) and DNA-seq (bar chart in the middle) reads ratio
between mm10 and galGal5 genome were calculated. Adjusted RNA-seq reads ratio (bar chart on
the right) between mm10 and galGal5 genome was calculated based on the DNA-seq read ratio.
Three normalization methods were compared in DESeq2 analysis.

Briefly, fixed numbers (5 x 107) of HPC-7 cells were mixed with fixed numbers (5 x

106) of DF-1 cells. RNA and genomic DNA were extracted and sequenced on the same

sample. After sequencing, reads aligned to mouse and chicken genome were separated

and counted. Spike-in calibration was incorporated into the differential gene expression

analysis by DESeq2 (Love et al., 2014). Two types of count normalization size factors
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with spike-in calibration were calculated to scale the expression of mm10 genes relative

to those of galGal5 genes. In the calibrated and adjusted method, before size factor

calculation, galGal5 RNA-seq reads counts in each sample were pre-normalized using the

galGal5/mm10 read ratio of the corresponding genomic-DNA seq samples to minimize

the variation in spike-in cell mixing. In the calibrated method, galGal5 RNA-seq read

counts were not adjusted by the galGal5/mm10 DNA-seq count ratio before quantification.

Count normalization size factor without spike-in calibration was calculated using the

default median of ratios method to adjust for sequencing depth and RNA composition.

Read counts and alignment rates were provided in Table 4.1. galGal5 DNA-seq reads

were ∼10% of mm10 DNA-seq reads in each sample, indicating the equal mixing of the

spike-in cells.

Table 4.1: Total read counts and alignment metrics for RNA-seq experiments in Tet2-KO
HPC-7 cells.

The relationship between replicates and conditions were examined by Principal com-

ponent analysis (PCA) and hierarchical cluster analysis. Unexpectedly, biological

replicates within the same group were more separated in the PCA plot when spike-

in calibration was considered for the differential gene expression analysis (Figure 4.2A).

Pre-normalization of the spike-in RNA-seq count to the DNA-seq counts seem to be

necessary for the calibrated RNA-seq analysis since sample clustering was less affected

in the calibrated/adjusted group compared to calibrated group (Figure 4.2A Middle and
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Right). Similarly, replicates from each sample group were not clustered in the same block

when samples were normalized with spike-in calibration (Figure 4.2B). Taken together,

the altered sample clustering of replicates within the same group suggest that spike-in

calibration should not be considered for read count normalization for these experiments.

Importantly, Tet2-KO clone 1 and clone 7 were clustered together, suggesting a similarity

of gene expression changes by Tet2 deficiency.

Figure 4.2: Exogenous Chicken DF-1 cell calibration in DESeq2 analysis affects the sample
relationships of biological replicates within the same sample group. (A) Principal component
analysis (PCA) of samples from RNA-seq experiments on Tet2-KO HPC-7 cells. (B) Heatmap of
sample distance matrix analysis of samples from RNA-seq experiments on Tet2-KO HPC-7 cells.
No calibration: normalization to RNA-seq sample library size in DESeq2 analysis; Calibrated and
adjusted: normalization to adjusted exogenous RNA-read ratio in DESeq2 analysis; Calibrated:
normalization to exogenous RNA-read ratio in DESeq2 analysis.

To identify differentially expressed genes, I finally did the read count normalization by

the median of ratios method to account for sequencing depth and RNA composition

(Anders and Huber, 2010). Differentially expressed genes in Tet2-KO cells were identi-

fied by pairwise comparison between each Tet2-KO clone and WT HPC-7 cells (Figure

4.3 A). Consistently, there are slightly more up-regulated genes (Tet2-KO 2-1: 625;

Tet2-KO 2-7: 819) than down-regulated genes (Tet2-KO 2-1: 491; Tet2-KO 2-7: 552)

observed in both Tet2-KO clones, but the down-regulated genes showed larger log2 fold
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change. Moderately and highly expressed genes were more found to change upon Tet2

deficiency. Tet2-KO clone 2-7 has slightly more differentially expressed genes than KO

clone 2-1 (1371 versus 1116). And Tet2-KO clone 2-1 and Tet2-KO clone 2-7 share some

common differentially expressed genes (Figure 4.3B). Nearly 50% of the differentially

expressed genes were identified in both Tet2-KO clones.

Figure 4.3: RNA-seq analysis identifies dysregulated genes in Tet2-KO clones relative to
wildtype HPC-7 cells. (A) Left: MA plot displaying genes differentially expressed in Tet2-KO
clone 2-1 relative to wildtype HPC-7 cells. Right: MA plot displaying genes differentially
expressed in Tet2-KO clone 2-7 relative to wildtype HPC-7 cells. MA plot showing the mean of
the normalized counts versus the log2 fold changes for all genes. Differential gene expression
analysis was performed by using DESeq2 package. The genes that are significantly expressed
(FDR < 0.05) are colored in red. The number of differentially expressed genes in each group is
indicated. (B) Venn diagram shows overlap of significantly differentially expressed genes between
Tet2-KO 2-1 vs wildtype HPC-7 (blue) and Tet2 KO 2-7 vs wildtype HPC-7 (orange). The number
of genes in each group is indicated.
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Figure 4.4: Heatmap showing the gene expression changes in Tet2-KO versus WT HPC-7
cells. Genes listed in the graph were hematopoietic-related genes showing significantly differential
expression (p.adjust<0.05 and LogFC>1.5) in Tet2-KO cells. Genes upregulated in KO cells were
in red, down-regulated genes were in blue.

More importantly, genes related to hematopoietic processes showed differential expression

upon Tet2 deficiency in HPC-7 cells (Figure 4.4). 125 genes in mouse hemopoiesis gene

set (n =980, GO:0030097, MGI) were identified as significantly differentially expressed

genes (p.adjust<0.05) in Tet2-KO clone 2-7 versus WT cells (Table 8.1). Consistent

with the published RNA-seq experiments on blood cells isolated from Tet2-/- mouse

(Izzo et al., 2020; Moran-Crusio et al., 2011), Tet2-KO HPC-7 cells showed significant

upregulation of stem cell marker, c-Kit, HSC self-renewal factors, Hlf and Sox4 and

exhibited decreased expression of myeloid-specific factors (e.g. Cebpa, Cebpe, Csf1r).

Cebpa (CCAAT/enhancer binding protein α) is important for the transition from common

myeloid progenitor (CMP) to the granulocyte/monocyte progenitor (GMP) (Zhang et al.,

2004). Cebpe (CCAAT/enhancer binding protein ε) is required for normal granulocytic
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differentiation (Yamanaka et al., 1997). Macrophage colony-stimulating factor (M-CSF)

receptor CSF1r (colony-stimulating factor-1 receptor) gene, also known as c-fms, is

critical for myelopoiesis and macrophage differentiation (Tagoh et al., 2002). The altered

expression of myeloid-specific factors in Tet2-KO cells might account for the immature

cell differentiation phenotype observed in the CFU assay. Tet2 deficiency in HPC-

7 cells also impaired the expression of transcription factors involved in erythrocyte

differentiation such as, Klf1, Gata1, and Sox6 (Table 8.1). A recent study has revealed

decreased peripheral red blood cells in Tet2-KO mice and reduced ability of Tet2-KO

bone marrow cells to generate erythroid colonies, suggesting a role of Tet2 in regulating

erythroid cell fate (Izzo et al., 2020). The reduced erythroid-lineage TFs might provide a

way to explain the function of Tet2 in erythrocyte differentiation, and the mechanism of

Tet2 regulation on TF gene expression remain further explored.

Among the upregulated genes, I found nearly all members of Egr (early growth response

gene) family, including Egr3, Egr2 and Egr1. Egr proteins contain highly conserved

zinc-finger DNA-binding domains and can bind to same cognate GC-rich consensus

DNA binding motif, the Egr response element (ERE) (Beckmann and Wilce, 1997;

Swirnoff and Milbrandt, 1995). Egr proteins are involved in T cell positive selection

and thymocyte differentiation (Bettini et al., 2002; Lauritsen et al., 2008). Egr-1 is also a

positive modulator of macrophage differentiation and negatively regulates granulocytic

differentiation (Krishnaraju et al., 2001). More importantly, over-expression of Egr2 and

Egr3 significantly impaired the growth of LSK cells in SCF-containing culture medium

(Aoyama et al., 2018), which recapitulate the growth defect phenotype observed in the

Tet2-KO cells.

Gene ontology (GO) analysis and pathway analysis of the common differentially ex-

pressed genes identified in both Tet2-KO clones revealed that many essential cellular

processes of hematopoiesis were significantly enriched (Figure 4.5). Upregulated genes

were enriched in genes related to positive regulation of transcription such as NCoA1,

NCoA3 and Sox4 (Figure 4.5A Left). Downregulated genes showed more immune-related

biological processes, while upregulated genes exhibited more general cellular functions
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(Figure 4.5A Right). In summary, Tet2-KO in HPC-7 cells lead to reduced myeloid-

specific factors and TFs important for erythrocyte lineage, and in the meantime, more

genes, such as, Egr family, were up-regulated in Tet2-KO cells, suggesting a repressive

role of Tet2-mediated gene regulation.

Figure 4.5: RNA-seq analysis reveals the enriched functional pathways in Tet2-KO HPC-7 cells.
(A) Gene Ontology (GO) analysis of genes significantly upregulated (Left, n=354) and
downregulated (Right, n=252) in both Tet2-KO HPC-7 clones. (B) Pathway analysis of genes
significantly upregulated and downregulated in both Tet2-KO HPC-7 clones.

4.2.2 Identification of Tet2 binding sites in HPC7 cells

To identify molecular events directly regulated by Tet2, I performed ChIP-seq (Chromatin

immunoprecipitation-sequencing) experiments to map the Tet2 binding sites in HPC-7

cells. Optimisation of ChIP experiments on endogenous Tet2 protein and on ectopic

3xHA Tet2 protein were both attempted in this study.

Optimisation of Tet2 ChIP-qPCR on WT HPC-7 cells

Tet2 is relatively a large protein (MW >200 KDa) and has no clear DNA binding domain

suggesting an indirect DNA binding ability of Tet2. These represent the difficulties in

mapping the endogenous protein chromatin binding landscape. A few Tet2 ChIP-seq

experiments have been carried out using either Tet2 protein antibody or protein tag
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antibody to recognize the tagged-version Tet2 protein (Chen et al., 2013; Deplus et al.,

2013; Lio et al., 2016; Pan et al., 2017; Rasmussen et al., 2019; Wang et al., 2018). When

I started the project, there were no Tet2 ChIP-seq experiments performed in normal

hematopoietic cells without any extra gene mutations. A recent study from Rasmussen

and colleagues generated a Tet2 antibody raised against the N-terminus of the protein

and used it to ChIP endogenous Tet2 in immortalized mouse myeloid cells (AML1-ETO)

(Rasmussen et al., 2019). I will discuss their findings in comparison with our results in

Chapter 4.2.3.

In this project, I firstly tested several commercial Tet2 ChIP-grade antibodies by doing

ChIP-qPCR in mESCs since there are reported mESCs Tet2 binding sites (Chen et al.,

2013). Among the tested antibodies (Figure 4.6), the Tet2 antibody from Abcam has been

used for ChIP-qPCR/ChIP-seq experiments in published literature (Lio et al., 2016). In

addition to the antibody varieties, I also tried a two-step cross-linking protocol where

protein-protein interactions are stabilized by Disuccinimidyl glutarate (DSG) cross-

linking, followed by formaldehyde DNA-protein crosslinking (Tian et al., 2012). ChIP-

qPCR results suggest that the two-step cross-linking protocol is necessary for Tet2 ChIP

since DSG treated groups showed clear Tet2 binding at the published Tet2 binding sites

(Promoter region of gene: Asah3l, Mll1 and Zmym6). The TET2 antibody from CST

(Cell signalling Technology) showed the best enrichment of ChIP signal over the input at

the known Tet2 ESCs binding sites compared to other Tet2 antibody. The two Millipore

antibodies did not show the enrichment of Tet2 binding at the reported Tet2 binding sites

compared to the ChIP-qPCR signal at the Tet2 un-bound regions.

Tet2 antibody from CST was chosen to ChIP endogenous Tet2 in HPC-7 cells (Figure

4.7). To estimate the antibody non-specific binding, ChIP using rabbit IgG antibody

was included as the control. I utilized the constructed Tet2-KO HPC-7 cells and did the

ChIP experiments using the Tet2 CST antibody as another control for antibody binding

background. Interestingly, Tet2 ChIP-qPCR experiments in HPC-7 showed enrichment

of Tet2 binding at the putative Tet2 binding sites and no Tet2 binding was observed at

the Tet2-unbound region (NC) (Figure 4.7A). Surprisingly, Tet2 ChIP enrichment was
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Figure 4.6: RT-PCR analysis of Tet2 ChIP in mouse ES with different Tet2 antibodies
and cross-linking conditions. Mouse ESCs were crosslinked with DSG + FA or FA alone.
Crosslinked chromatin was immunoprecipitated with Tet2 antibody purchased from different
supplier: (A) CST (Cell Signaling Technology); (B) Abcam,124297; (C) EMD Millipore, clone
hT2H; (D) EMD Millipore, clone 9F7. ChIP DNA was analyzed by RT-PCR with primer pairs
specific for the indicated genes. The percentage enrichment over input (% input) was calculated to
represent the difference in Ct values between qPCR on ChIP DNA and input sample. NC: negative
control, no Tet2 binding. One biological replicate was prepared. DSG: disuccinimidyl glutarate;
FA: formaldehyde.

also observed in Tet2-KO cells group. Comparatively, IgG control group showed no Tet2

binding at the putative binding sites. The contradicting results from the IgG control and

Tet2-KO cell control raise concerns about the specificity of the Tet2 antibody. Most of the

Tet2 antibodies were designed to recognize the C-terminus of the protein where all Tet

family proteins share a high similarity in the C-terminal catalytic domain. The observed

ChIP-qPCR signal in the KO cells group might have resulted from the cross-reactivity of

other Tet proteins.
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Figure 4.7: RT-PCR analysis of Tet2 ChIP in HPC-7 with antibody from CST. (A) Wildtype
HPC-7 cells or Tet2 KO 2-7 cells were crosslinked with DSG + FA. Crosslinked chromatin
was immunoprecipitated with Tet2 antibody purchased from CST (Cell Signaling Technology).
(B) Wildtype HPC-7 cells were crosslinked with DSG + FA. Crosslinked chromatin was
immunoprecipitated with IgG antibody or Tet2 antibody purchased from CST. ChIP DNA was
analyzed by RT-PCR with primer pairs specific for the indicated genes. The percentage enrichment
over input (% input) was calculated to represent the difference in Ct values between qPCR on
ChIP DNA and input sample. NC: negative control, no Tet2 binding. One biological replicate was
prepared.

Identification of differential Tet2 binding sites in PiggBac 3xHA Tet2 versus Tet2-
KO cells

To avoid the non-specific ChIP background from the Tet2 antibody, I utilized a constructed

HPC-7 cell line which ectopically expressed the 3xHA Tet2 protein and performed anti-

HA ChIP-seq to identify Tet2 genomic binding activities. Details about the 3xHA Tet2

HPC-7 cell line would be introduced in Chapter 5.2.3. Briefly, 3xHA-Tet2 was re-

introduced into the HPC-7 Tet2-KO clone 2-7 cells and the expression of 3xHA Tet2

protein was tuned to be similar to the endogenous level by modulating dox concentration.

To find potential Tet2 binding sites in HPC-7 cells, which I could use for validation

of HA ChIP, I overlapped the genes differentially expressed in HPC-7 Tet2-KO cells

with reported Tet2 peaks in mouse myeloid cells (Rasmussen et al., 2019) (Figure 4.8).

Differentially expressed genes with putative Tet2 binding at their promoter regions were

considered as HPC-7 Tet2-bound genes. Figure 4.8 showed two examples of HPC-7

Tet2-KO DE genes with Tet2 binding in mouse myeloid cells. Interestingly, the published

endogenous mouse Tet2 ChIP-seq data also exhibited background signal at the KO cells

ChIP-seq track. And this background issue is frequently observed in the identified Tet2

peaks in this study.
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Figure 4.8: Schematic representation of the qPCR primers designed for HA-Tet2 ChIP
experiments in HPC-7 cells.(A) Venn diagram shows overlap of genes significantly deregulated
in two Tet2-KO HPC-7 clones with genes bound by Tet2 in mouse AML and myeloid cells. Tet2
ChIP-seq in mouse AML and myeloid cells were obtained from Rasmussen et al., 2019. The
numbers of genes in each group is indicated. (B) Genome browser track shows a representative
example of gene upregulated in Tet2-KO HPC-7 cells and bound by Tet2 at the gene promoter
region in mouse AML and myeloid cells. (C) Genome browser track shows a representative
example of gene downregulated in Tet2-KO HPC-7 cells and bound by Tet2 at the gene promoter
region in mouse AML and myeloid cells.

Finally, I performed HA ChIP-seq experiments on 3xHA-Tet2 HPC-7 cells and prepared

ChIP DNA obtained from HA-ChIP on Tet2-KO cells as control for antibody non-specific

background. Biological triplicates were prepared for each group. Prior to sequencing,

qPCR on ChIP DNA was performed to check if there was any enrichment on the putative

HPC-7 Tet2 binding sites (Figure 4.9). In general, there was a consistent ChIP enrichment

at the tested gene locus among biological replicates and no ChIP background was observed

in the ChIP DNA from KO cells group.

I prepared the DNA library of the ChIP DNA and one input DNA from each sample

group (Tet2-KO cells and HA-Tet2 cells). The average DNA fragment size in the prepared

ChIP-seq library is around 400-450 bp, indicating the average ChIP DNA fragments is

approximately 300 bp. Table 4.2 summarized the ChIP-seq read counts, read alignment
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Figure 4.9: RT-PCR analysis of HA-Tet2 ChIP-seq DNA. HPC-7 Tet2-KO 2-7/ Tet-on 3xHA
Tet2 cells were treated with 100 ng/mL dox for 24 h prior to DSG + FA crosslinking. Crosslinked
and sonicated chromatin was immunoprecipitated with HA antibody. ChIP on chromatin from
Tet2-KO HPC-7 cells was prepared as control for antibody non-specific binding. ChIP DNA from
three biological replicates were analyzed by RT-qPCR with primer pairs specific for 4 putative
Tet2 binding sites (Ptafr/Prtn3/Plec/Slc2a3) and 1 background region (NC).

rate and MACS2-called peak numbers. ChIP-seq reads were trimmed to remove adaptor

sequence contamination, aligned to mm10 genome by Bowtie2 (Langmead and Salzberg,

2012), and ChIP-seq peaks were identified by MACS2(Zhang et al., 2008) using input

sample as control. MACS2 identified around 20,000 peaks in 3xHA-Tet2 cells whereas

replicates of Tet2-KO cells showed more variation of numbers of peaks identified by

MACS2.

Table 4.2: Total read counts and alignment metrics for HA-Tet2 ChIP-seq experiments.

Tet2 binding sites (BS) were defined by enrichment over non-specific ChIP peaks

identified in Tet2-KO cells by Diffbind analysis (Stark and Brown). Sample clustering
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Figure 4.10: Identification of Tet2 binding sites by differential analysis of HA-ChIP
in HA-Tet2 versus Tet2-KO HPC-7 cells.(A) Correlation heatmap generated by Diffbind
(Stark and Brown) comparing the ChIP-seq signal from biological replicates at identified Tet2
binding sites. (B) Volcano plot showing the false discovery rate (FDR) and the fold enrichment
values of ChIP-seq signal analyzed by differential binding analysis in HA-Tet2 versus Tet2-KO
cells. ChIP-seq peaks showing significant differential binding (FDR<0.05) and numbers of region
in significant changes were indicated in red. (C) Metaplot showing the average HA-Tet2 ChIP-seq
signal in a 2 Kb region surrounding the center of Tet2 peaks (n=21883). Coverage of each
ChIP-seq samples was normalized to sequencing depth.

analysis showed replicates from each sample group were clustered together (Figure

4.10A). 21883 peaks exhibited significantly enrichment (FDR<0.05) in ChIP on 3xHA-

Tet2 cells versus ChIP on KO cells (Figure 4.10B). The 21883 peaks were defined as

true Tet2 BS in HPC-7 cells . HA-Tet2 ChIP-seq signal was enriched in the center of

the identified Tet2 BS (n=21883) and no ChIP enrichment was observed in the KO cells

control group (Figure 4.10C).
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4.2.3 Characterization of HPC-7 Tet2 binding sites

To understand the distribution characteristics of the Tet2 BS, I annotated the Tet2 BS

(n=21883) to the nearest gene and explored the genomic feature, histone modification

distribution, functional pathway enrichment and transcription factor binding motif enrich-

ment on the Tet2 BS. A comparison between our Tet2 BS in HPC-7 cells and the recently

published mouse myeloid cells Tet2 peaks will be introduced in this section.

Genomic feature distribution of Tet2 binding sites

Around 37% of the Tet2 BS were inside gene promoter and almost 30% of the Tet2 BS

located within 1 Kb of the gene promoter (Figure 4.11B). The gene promoter was defined

as +/- 3 Kb away from the gene TSS (transcription start site). Around 31 % of Tet2 BS

was localized in intron regions (1st intron + other intron) and 25 % of the Tet2 BS overlap

with distal intergenic regions. Taken together, Tet2 showed binding at the gene promoters

and distal regulatory regions in HPC-7 genome.

Figure 4.11: Genomic feature distribution of Tet2 binding sites in HPC-7 cells (A) Fre-
quency plot showing the distance of HA-Tet2 ChIP-seq peaks (n=21883) to the nearest tran-
scription start site (TSS). (B) Pie chart showing overlap of HA-Tet2 ChIP-seq peaks with genomic
annotations. Downstream is defined as the region downstream of gene within 3 Kb.

Next, I explored the histone modification levels on the Tet2 BS using the publicly available

HPC-7 H3K4me3 (Xu et al., 2018), H3K4me1, H3K27ac (Org et al., 2015), H3K27me3

and H3K36me3 (Wilson et al., 2016) ChIP-seq data. Histone modifications have been

widely used to identify cis-regulatory elements including promoters and enhancers

(Ernst and Kellis, 2010). Trimethylation of the 4th lysine of histone 3 (H3K4me3) and

acetylation of histone H3 Lys27 (H3K27ac) have been associated with transcriptionally
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active gene promoters (Calo and Wysocka, 2013; Heintzman et al., 2009). H3K27me3

is known as a transcription repressive mark, whereas, H3K36me3 is enriched in the

gene body of transcribed genes (Ringrose and Paro, 2004; Vakoc et al., 2006). H3K4me1

shows enrichment at enhancer regions. (Barski et al., 2007; Heintzman et al., 2009;

Wang et al., 2008). Enhancers could be classified into three categories based on the

histone modification marks combination: 1. Active enhancer: have both H3K4me1 and

H3K27ac, and can increase transcription of its regulated gene; 2. Primed enhancers:

are marked with H3K4me1 alone and require additional TF binding to activate its

enhancer activity; 3. Poised enhancers: are similar to primed enhancer and contain

additionally H3K27me3, a repressive mark (Calo and Wysocka, 2013; Creyghton et al.,

2010; Ernst and Kellis, 2010; Heinz et al., 2015).

Tet2 BS displayed enrichment of H3K4me3/H3K27ac/H3K4me1 ChIP-seq signals at

the center of Tet2 peaks (Figure 4.12A), whereas, no enrichment of H3K27me3 and

H3K36me3 was observed at Tet2 BS. Heatmap analysis revealed the co-localization

of H3K4me3 and H3K27ac, and depletion of H3K4me1 at the TSS-proximal Tet2 BS

suggesting Tet2 binds to genes with high transcription activity (Figure 4.12B). H3K4me1

located predominantly at Tet2 BS distant from gene TSS, and co-localized with H3K27ac,

suggesting that Tet2 binds to the distal enhancer elements in the HPC-7 genome. This

support the current focus of Tet2 function in enhancer regions (Hon et al., 2014; Lio et al.,

2019a; Lu et al., 2014; Rasmussen et al., 2015, 2019; Wang et al., 2018). H3K27me3

showed a tiny enrichment at the TSS-proximal Tet2 BS which suggests a possibility

of Tet2 function in PRC2 complex-mediated gene repression. Tet2 BS is depleted of

H3K36me3 signal.

Rasmussen and colleagues reported that Tet2 genomic binding displayed a cell type-

specific manner since little overlap of Tet2 binding sites was found between ChIP in

mouse ESCs and ChIP in mouse hematopoietic cells. Furthermore, Tet2 promoter-distal

(1.5 kb/+500 bp from TSS) BS contained different TF binding motifs enrichment. Here, I

compared our identified HPC-7 Tet2 BS to the published Tet2 peaks identified in mouse

hematopoietic cells. In general, HPC-7 Tet2 BS showed some overlap with the published
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Figure 4.12: Histone modifications distribution at Tet2 binding sites in HPC-7 cells. (A)
Metaplot showing the average histone modification ChIP-seq signal in a 5 Kb region surrounding
the center of Tet2 peaks (n=21883) (B) Heatmap showing the publicly available HPC-7 histone
modification ChIP-seq signal in a 5 Kb region surrounding the center of HA-Tet2 peaks (n=21883).
The vertical axis includes all HA-Tet2 binding sites sorted by increasing distance to the TSS of the
nearest gene. H3K4me3 ChIP-seq was downloaded from Xu et al., 2018. H3K27ac and H3K4me1
ChIP-seq were downloaded from Org et al., 2015. H3K27me3 and H3K36me3 ChIP-seq were
downloaded from Wilson et al., 2016.

hematopoietic cell Tet2 peaks. ∼ 35% of HPC-7 Tet2 BS were also found in published

mouse myeloid cell Tet2 BS (Figure 4.13A). And all three Tet2 BS data suggest the

binding of Tet2 at the distal regulatory elements (Figure 4.13B).
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Figure 4.13: Comparison to the publicly available Tet2 ChIP-seq data in mouse myeloid
cells and acute myeloid leukemia cells. (A) Venn diagram showing the overlap of HA-Tet2
ChIP-seq peaks in HPC-7 cells with Tet2 ChIP-seq peaks in mouse myeloid cells and acute
leukemia cells. Tet2 ChIP-seq data in mouse myeloid cells and acute leukemia cells were
downloaded from Rasmussen et al., 2019. (B) Percentage of Tet2 peaks in mouse myeloid cells,
AML cells and HPC-7 cells that localize with different genomic features. Downstream is defined
as the region downstream of gene within 3 Kb.

Functional enrichment on Tet2 binding sites

Genes associated with HPC-7 Tet2 BS and genes associated with published mouse

myeloid cell Tet2 BS share similarities in the pathway enrichment analysis (Figure

4.14). In both cells, Tet2-bound genes were mainly associated with pathways related

to hematopoietic processes, such as cytokine signalling (e.g. Kit, Cxcr4, Csf1), platelet

activation, signaling and aggregation (e.g. Itga2b, Gata1), interleukins signaling (Il1b,

Nod2, Egr1), suggesting the role of Tet2 in hematopoiesis.
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Figure 4.14: Pathway enrichment comparison of HA-Tet2 ChIP-seq with publicly available
Tet2 ChIP-seq data. The y-axis represents the name of pathway, the x-axis represents each Tet2
ChIP-seq data set. Number in parentheses represents the number of gene clusters in each data set.
Dot size indicates the gene ratio. Gene ratio is the number of genes in the Tet2 ChIP-seq peak
overlapping with indicated pathway gene set divided by the total number of genes in the Tet2
ChIP-seq peaks. Color indicates the q-value. P.adjust is p value adjusted by Benjamini Hochberg
method.

Motif enrichment on Tet2 binding sites

The lack of a known DNA-binding domain in Tet2 protein leads to the hypothesis that Tet2

might interact with DNA-binding partners, such as transcription factors, to be recruited

to its targeted sites. Thus, I performed MEME-ChIP analysis ((Machanick and Bailey,

2011)) to discover transcription factor binding sites enriched in HPC-7 Tet2-bound regions.

A previous study revealed the cell-type specific binding pattern of Tet2 where Tet2 BS

showed enrichment of ESC master TFs binding, including Sox2, Klf4, Oct4, and Nanog,

in ES cells, and the top enriched motifs in mouse myeloid cells were Erg, Runx1, Cebpa

and Gata1 (Rasmussen et al., 2019). In HPC-7 cells, I observed the similar TF motifs

enrichment as what was shown in mouse myeloid cells, Tet2 BS was enriched with key

hematopoietic TF BS, such as Etv6, Runx1, Fli1, and Gata1 in HPC-7 cell (Figure 4.15).
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Figure 4.15: Motif enrichment comparison of HA-Tet2 ChIP-seq with publicly available
Tet2 ChIP-seq data. List of top 5 enriched transcription factor binding motifs identified in Tet2
binding regions in HPC-7 cells (A) and mouse myeloid cells (B).

4.2.4 The relationship between Tet2 genomic occupancy and gene
expression

To understand the function of Tet2 binding in gene regulation, I checked the overlap

between Tet2-bound genes and differentially expressed genes upon Tet2 depletion (Figure

4.16). Tet2-bound genes were defined by gene annotation on Tet2 binding sites using

the ChIPseeker package. In general, only a small fraction of Tet2 binding events will

affect its associated gene expression since ∼1000 out of 9714 Tet2-bound genes showed

differential expression in Tet2-KO cells versus WT HPC-7 cells (Figure 4.16A and B).

Tet2-bound regions correlated to both up-regulated and down-regulated gene identified in

Tet2-KO cells, suggesting a dual function of Tet2 binding in gene activation and repression.

However, more up-regulated genes were found overlapping with Tet2-bound genes. Next,

I focused on Tet2 function at gene promoter region since promoter activity is more

well-studied and associated with gene expression regulation. ∼65% Tet2-bound genes

displayed Tet2 binding at its promoter region (Distance to TSS <3Kb). Tet2 binding at the

gene promoter were associated with both gene repression (Figure 4.16C) and activating
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(Figure 4.16D). Taken together, in HPC-7 cells, Tet2 could positively and negatively

regulate its associated gene expression by directly binding to the targeted genes.

Figure 4.16: Tet2 binding is associated with both gene activating and repressing function.
(A) Venn diagram shows overlap of Tet2-bound genes with genes upregulated in Tet2-KO clone
7. (B) Venn diagram shows overlap of Tet2-bound genes with genes downregulated in Tet2-KO
clone 7. (C) Venn diagram shows overlap of genes with Tet2 binding at the promoter region
with genes upregulated in Tet2-KO clone 7. Gene promoter was defined as +/- 3 Kb of the TSS.
(D)) Venn diagram shows overlap of genes with Tet2 binding at the promoter region with genes
downregulated in Tet2-KO clone 7. Gene promoter was defined as +/- 3 Kb of the TSS.

To explore the possible mechanism for Tet2 function in gene regulation, I explored the TF

binding motifs enriched in Tet2 BS associated with gene activating (Figure 4.17A) and

gene repression (Figure 4.17B), to check if Tet2 get involved in gene regulation through

different DNA-binding partners. However, no obvious difference was observed in TF

motif enrichment analysis of Tet2 BS linked to gene activation and repression.
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Figure 4.17: Motif enrichment in Tet2-regulated genes. List of top 3 enriched transcription
factor binding motifs identified in genes upregulated by Tet2 binding (A) and genes downregulated
by Tet2 binding (B).

4.2.5 Differential DNA methylation analysis in Tet2-KO HPC-7 cells

Tet2 belongs to the Tet protein family which is responsible for the 5mC oxidation.

Tet-mediated 5mC oxidation facilitates an active DNA demethylation process. Tet2

function in hematopoiesis is closely related to its demethylase activity since altered DNA

modification landscapes have been observed widely in genetically modified mouse models

and blood cancer patients with TET2 mutation or with de-regulated TET2 enzymatic

activity (Cimmino et al., 2017). Moreover, TET2 catalytic mutant itself could cause

mice to develop myeloid malignancies (Ito et al., 2019). In order to understand the

contribution of Tet2-mediated DNA demethylation in regulating the hematopoietic-related

gene expression, we performed the TAPS-β experiment to map the 5mC distribution and

to quantify the 5mC level in Tet2-KO cells and WT HPC-7 cells. In addition, we also

mapped the 5mC distribution in the constructed HPC-7 PiggyBac cell line which has no

endogenous Tet2 expression but expresses an ectopic 3xHA-Tet2 protein. Briefly, before

harvest for genomic DNA extraction, HPC-7 PiggyBac cells were treated with 100 ng/mL

dox for 24 hr to induce the expression of 3xHA Tet2 protein. Increased 5hmC in the

Dox-treated cells was confirmed by LC/MS-MS quantification (Figure 5.15).

In general, there is no global gain or loss of DNA methylation across all the CpG sites in
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Figure 4.18: Tet2 depletion in HPC-7 leads to both DNA hypermethylation and hypomethy-
lation changes. For each CpG on the 5’ reads of samples in each comparison group, the difference
of 5mC level was calculated and plotted as the x axis. The proportion of CpGs falling into each bin
of change was shown in the y axis. If the x axis value is greater than 0, this indicates a methylation
gain. The proportions of hyper(5mC change >0) /hypo(5mC change <0) CpGs were indicated in
the plot.

both Tet2-KO clones compared with the WT cells (Figure 4.18). ∼44% of total CpG in

Tet2-KO cells had increased 5mC level and ∼42-43% of total CpG exhibited decreased

5mC. ∼13-14% of total CpG showed no change of DNA methylation upon Tet2 deficiency.

Interestingly, in the HA-Tet2 cells, we observed there was slightly more increase of DNA

methylation than loss of DNA methylation. Next, to examine the methylation changes on

different genomic features, we calculated the methylation level on the genomic features

and compared the methylation level difference between Tet2-KO cells and WT cells. The

comparison between HA-Tet2 group and Tet2-KO group was used to discover the DNA

demethylation events restored by the re-expression of Tet2 protein. HPC-7 cell enhancers

were defined by regions enriched with H3K4me1 and have no signal of H3K4me3. The

results revealed that enhancers underwent the biggest gain of methylation in Tet2-KO cells

(Figure 4.19). More importantly, restoration of the 3xHA Tet2 expression in Tet2-KO cells

reversed the increase of 5mC at enhancer region in KO cells. In addition to enhancers,

DNA hypermethylation was also found in H3K4me3-promoter regions in Tet2-KO cells
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but the changes were not as evident as those observed in enhancers. The expression of

HA-Tet2 could also reverse the gain of methylation phenotype in Tet2-KO cells. Tet2

depletion causes no significant changes of DNA methylation at CpG island but leads to

a slight increase of methylation at CpG island shore which are regions 2 kb upstream

and downstream of CpG island. In summary, our data suggests that Tet2-mediated DNA

demethylation predominantly affects the enhancer regions.
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Figure 4.19: Tet2 is responsible for the DNA demethylation at enhancer regions. For each
region type, the mean modification change across all CpGs in the region (only those with 3+
covered CpGs considered) was calculated using bedtools map (v2.25.0). Enhancers were defined
as regions positive for H3K4me1 and have no H3K4me3 signal. Promoters were defined by the
transcription start sites of the mm10 genes and HPC-7 H3K4me3 ChIP-seq data. H3K4me3+
promoters were defined as the transcription start sites of the mm10 genes and HPC-7 H3K4me3
ChIP-seq data. CpG islands, shelf, and shore annotation were directly extracted from the annotatr
package (v1.16.0) (Cavalcante and Sartor, 2017).

4.2.6 The relationship between Tet2-involved DNA demethylation
and Tet2 binding

To examine whether Tet2 binding is associated with its DNA demethylase activity at its

binding site, we calculated the DNA methylation changes between Tet2-KO cells and WT

HPC-7 cells on the Tet2 binding sites (Figure 4.20). In order to confirm the demethylation

events directly regulated by Tet2, we also looked at the methylation level on Tet2 binding
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sites between HA-Tet2 cells and Tet2-KO cells. We observed more increase of DNA

methylation than decrease of methylation on Tet2 binding sites upon Tet2 depletion.

Furthermore, the re-expression of Tet2 in the Tet2-KO cells leads to the decrease of DNA

methylation on Tet2 binding sites. These results suggest that Tet2 gets involved in DNA

demethylation at some of the Tet2 binding sites.

Figure 4.20: Tet2 is responsible for the DNA demethylation at its binding sites. For each
Tet2 binding sites, the mean modification change across all CpGs in the region (only those
with 3+ covered CpGs considered) was calculated using bedtools map (v2.25.0). The methylation
changes of all Tet2 binding sites were plotted. The x axis represents the methylation level changes.
The y axis represents the number of Tet2 binding sites showing the indicated methylation changes
on the x axis.

To assess the DNA demethylation activity of Tet2 on its binding sites across different

genomic features, we grouped the Tet2 binding sites based on their overlap with enhancer,

H3K4me3+promoter, CpG island. And we examined the DNA methylation changes

caused by Tet2 depletion and Tet2 restoration (Figure 4.21). First of all, Tet2 depletion

leads to an increase of DNA methylation on all Tet2 binding sites, and the restoration of

Tet2 reverses the gain of methylation on Tet2 binding sites. The gain of DNA methylation

on Tet2 binding sites in Tet2-KO cells is more significant on enhancer-associated Tet2

binding events, whereas Tet2 binding at H3K4me3+promoter and CpG island has no

correlation with DNA demethylation activity. In conclusion, the data suggests that Tet2

binding at enhancer region is responsible for the DNA demethylation activity.
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Figure 4.21: Tet2 is responsible for the DNA demethylation at its binding sites at enhancer region.
For each Tet2 binding sites, the mean modification change across all CpGs in the region (only
those with 3+ covered CpGs considered) was calculated using bedtools map (v2.25.0). Tet2
binding sites were grouped according to overlaps with enhancers, active promoters (H3K4me3),
and CpG islands.

4.2.7 The relationship between Tet2-involved DNA demethylation
and gene expression

To determine the transcriptional effect of Tet2-mediated DNA demethylation, we quan-

tified the 5mC level of Tet2-bound genes showing differential expression upon Tet2

deficiency. In total, 487 out of 819 significantly up-regulated genes exhibited Tet2 binding

at gene promoter region whereas 206 out of 552 genes significantly down-regulated genes

contained Tet2 binding at gene promoter. Interestingly, both up-regulated and down-

regulated genes were associated with increased 5mC (Figure 4.22), and down-regulated

genes showed more gain of 5mC compared with up-regulated genes, suggesting that

Tet2 might be involved in gene activation through its DNA demethylaton activity. And

the contribution of Tet2-mediated DNA demethylation to the gene repression remain

unknown.
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Figure 4.22: Depletion of Tet2 leads to a DNA methylation change on the Tet2-targeted
genes. For each gene, the maximum modification change across all the Tet2 binding sites
associated with the gene was calculated using bedtools map (v2.25.0). And gene was further
classified based on the RNA-Seq signal. Sig.Increase group was defined as genes with log fold
change > 0 and p-adj < 0.05 in both Tet2-KO clones compared to WT cells. Sig.Decrease group
was defined as genes with log fold change < 0 and p-adj < 0.05 in both Tet2-KO clones compared
to WT cells. All other genes fall into the No. Change group.

4.2.8 Co-localization of Tet2 and transcription factors in HPC-7 cells

Motif enrichment analysis of Tet2 BS discovered the binding motifs of many essential

hematopoietic transcription factors such as Etv6, Runx1, Fli1 (Figure 4.15A), which

indicate a potential co-operation between Tet2 and transcription factors in gene regulation.

To further identify Tet2 genomic co-factors, I uploaded the HPC-Tet2 BS (n=21883) to

the Cistrome Data Browser (Zheng et al., 2019) and searched for the publicly available

mouse transcription factor ChIP-seq to discover the mouse factors which will have the

most significant peak overlap with the Tet2 BS identified in HPC-7 cells (Figure 4.23A).

The GIGGLE score is used to measure the similarities between the user uploaded peak

sets and Cistrome samples (Layer et al., 2018; Zheng et al., 2019). The factor with higher

GIGGLE score shares more overlap with the input peak set. The top factors showing

high similarity with Tet2 peaks sets were ChIP-seq on hematopoieitc TFs in HPC-7 cells

and hematopoietic-relevant cell lines, suggesting a specfic role of Tet2 in hematopoiesis.

Among the enriched factors, Runx1 has been found to physically interact with Tet2 in
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Figure 4.23: Overlap of transcription factors binding at Tet2 occupancy sites. (A) Dot plot
showing the top 20 transcription factors in the Cistrome Data Browser that have significant binding
overlaps with HPC-7 HA-Tet2 peak set. Y axis represents the GIGGLE score which indicates
the similarity between samples and HA-Tet2 peak set. X axis represents different factors. The
information of the top 20 enriched transcription factors ChIP-seq data is listed in (B). List is
ranked by GIGGLE scores. Analysis was performed using Cistrome DB Toolkits (Zheng et al.,
2019).

mouse erythroleukemia (MEL) cells (Chu et al., 2018). PU.1 is also reported to interact

with Tet2 (de la Rica et al., 2013). The observed overlap of Tet2 BS with Runx/PU.1

binding sites might indicate a potential interaction between Tet2 and Runx1/PU.1 in
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HPC-7 cells.

Figure 4.24: Tet2 co-localizes with multiple transcription factors in HPC-7 cells. (A) His-
togram showing the peak numbers of publicly available HPC-7 transcription factors (TFs) ChIP-seq
data. (B) Histogram showing overlap of HA-Tet2 ChIP-seq binding sites (n=21883) with publicly
available HPC-7 TFs binding sites. Random matched control regions (control) was generated
with same size, orientation, distance relative to gene bodies by Easeq (Lerdrup et al., 2016). Data
shown was determined by dividing the numbers of HA-Tet2 peaks (n=21883) overlapping with the
given region by the total numbers of HA-Tet2 peaks (n=21883). (C) Histogram showing overlap
of individual TF binding site with Tet2 binding sites. Data shown was determined by dividing the
numbers of indicated TF peaks overlapping with the Tet2 binding regions by the total numbers of
TF peaks. TF ChIP-seq data was downloaded from Wilson et al., 2016.

Then I focused on the co-localization of Tet2 and hematopoietic TFs in HPC-7 cells by

utilizing the publicly available HPC-7 TF ChIP-seq data (Wilson et al., 2016). Tet2 peaks

overlapped with the binding regions of a variety of TFs including both HSPC-specific and

myeloid-lineage factors (Figure 4.24B), and Tet2 BS shared the most overlap with Fli1

(Friend leukemia integration 1 transcription factor) ChIP-seq peaks. Random matched
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control regions (control) was generated with same size, orientation, distance relative to

gene bodies based on Tet2 BS by Easeq (Lerdrup et al., 2016).

Heatmap revealed the co-localization of Tet2 and TF at different genomic distribution

(Figure 4.25). Runx1, Fli1 and Gata2 prefer to locate at the TSS-distal Tet2 BS suggesting

a co-operation of these TF and Tet2 at distal regulatory elements, whereas, Tal1 and

PU.1 showed genomic binding throughout all Tet2 BS, and exhibited a slightly more

enrichment in TSS-proximal Tet2 peaks, suggesting a role of Tal1/PU.1 at Tet2-bound

gene promoter region. Collectively, Tet2 binding showed overlap with many essential

hematopoietic transcription factors, such as Runx1, Fli1, Gata2, PU.1 and the co-location

of Tet2 with TFs showed a TF-dependent manner, where Tet2 and Runx1/Fli1/Gata2 were

more located in enhancers. Tal1 and PU.1 co-localized with Tet2 more in gene promoter.

Figure 4.25: Genomic features of Tet2-TF co-bound regions. (A) Heatmap showing the
publicly available HPC-7 TF ChIP-seq signal in a 2 Kb region surrounding the center of HA-Tet2
peaks (n=21883). The vertical axis includes all HA-Tet2 binding sites sorted by increasing
distance to the TSS of the nearest gene. TF ChIP-seq was downloaded from Wilson et al., 2016.

We quantified the DNA methylation level on Tet2-transcription factor co-binding sites

upon Tet2 depletion and restoration. Tet2 depletion caused increased DNA methylation

at Tet2-Fli1 co-binding sites and Tet2-Runx1 co-binding sites. More importantly, the

restoration of Tet2 expression could reverse the increased DNA methylation at the Tet2-TF

co-binding sites.

RNA-seq showed some myeloid-specific genes, e.g. csf1r, Cebpa, Cebpe, were down-

regulated upon Tet2 deficiency (Figure 4.4). Tet2 was found directly bound to the known
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Figure 4.26: DNA methylation changes at transcription factor binding sites. The mean mod-
ification change on individual transcription factor binding sites were calculated.

enhancer of the de-regulated myeloid-specific genes and affect the DNA demethylation at

the enhancer region (Figure 4.27, 4.28, 4.29). The expression of csf1R (c-fms) gene is

dependent on the Ets family transcription factor PU.1 which binds to the promoter and the

c-fms intronic regulatory element (FIRE enhancer) of the c-fms gene (Krysinska et al.,

2007). c-fms promoter is primed by PU.1 binding in progenitor cells stage. In differ-

entiated myeloid cells, the promoter and FIRE enhancer is fully bound by PU.1 which

promotes the induction and binding of the secondary transcription factors Egr2, Cebpb,

Runx1, leading the high expression of csf1R. In HPC-7 cells, Tet2 co-localized with PU.1,

Runx1, and Cebpb at FIRE enhancer region of csf1R gene and FIRE was hypermethylated

in Tet2-KO HPC-7 cells, suggesting a role of Tet2-mediated DNA demethylation at

enhancer in gene regulation.

Another example showing the effect of Tet2 binding in gene regulation occurred at

the Cebpa locus. Cebpa is preferentially expressed in myeloid cells and is important

for the myeloid lineage differentiation. Cebpa gene has a conserved 450 bp enhancer

located at +37 Kb. Mutation of the enhancer site leads to more decreased expression

of Cebpa mRNA than mutation of promoter sequence (Guo et al., 2012). Reporter
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Figure 4.27: Tet2 co-localizes with PU.1 and Runx1 at csf1R enhancer. Genome browser
tracks shows representative examples of co-localization of Tet2 with PU.1, Runx1 and Tal1
at c-fms intronic regulatory element (FIRE enhancer). 5mC level in wild-type and Tet2-KO
HPC-7 cells was quantified using TAPS-β method by Dr. Sophie Kirschner and data analysis
was performed by Olena Yavorska from our lab. Beta-value ranging from 0 to 1 was used to
measure the percentage of methylation. HPC-7 transcription factor ChIP-seq, histone modification
ChIP-seq and DNase1-seq data were downloaded from Wilson et al., 2016.

assay confirmed the role of Cebpa +37 Kb enhancer in regulating the myeloid-lineage

specific expression (Guo et al., 2014b). An integrated analyses of ChIP-Seq data sets

with genome-wide Promoter Capture Hi-C information revealed co-localization of many

essential hematopoietic TFs, including Runx1, Gata2, Meis1, PU.1, Fli1, at the +37 Kb

enhancer and confirmed the interaction between +37 Kb enhancer and Cebpa promoter

(Wilson et al., 2016). Our result showed that Tet2 could directly bind to the Cebpa +37

Kb enhancer and mediate the DNA demethylation activity at its bound region (Figure

4.28).

Tet2 also binds to the recently discovered Cebpe +6 Kb enhancer in HPC-7 cells. Cebpe

is essential for granulocytic differentiation and Cebpe-knockout mice display defects in

terminal differentiation of granulocytes (Yamanaka et al., 1997). The +6 Kb enhancer is

important for the expression of Cebpe since the depletion of the enhancer lead to reduced
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Figure 4.28: Tet2 co-localizes with multiple transcription factors at Cebpa +37 Kb enhancer.

Cebpe and cause the block of granulocytic differentiation (Shyamsunder et al., 2019).

Tet2 binds to the Cebpe enhancer together with many TFs in HPC-7 cells (Figure 4.29)

and affect the DNA methylation of the enhancer-associated region.

Figure 4.29: Tet2 co-localizes with multiple transcription factors at Cebpe +6 Kb enhancer.

4.3 Discussion

In this chapter, I performed multi-omics analysis including RNA-seq, ChIP-seq and

TAPS-β analysis to map the molecular changes led by Tet2 deficiency and to dissect the
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role of Tet2 in gene expression regulation.

Transcriptomic profiling of Tet2-KO HPC-7 cells identified slightly more up-regulated

genes than down-regulated genes in both Tet2-KO clones compared with the WT HPC-7

cells, whereas down-regulated genes exhibited larger fold changes (Figure 4.3A). Two

Tet2-KO clones share some common DE genes since ∼50% of identified DE genes in

each KO clone could be also found in the other KO clone (Figure 4.3A). More importantly,

among the top downregulated genes upon Tet2 deficiency, I observed several myeloid-

specific factors such as csf1R, Cebpa, Cebpe. Upregulated genes included stem cell

marker, c-Kit, HSC self-renewal factors (e.fg. Hlf, Sox4) which were also reported in

other Tet2-KO cells isolated from mouse (Izzo et al., 2020). Around 125 genes related

to hematopoiesis process were identified as significantly differential expressed genes in

Tet2-KO cells, suggesting an important role of Tet2 activity in hematopoiesis.

Both in vitro myeloid differentiation (Figure 3.9) and CFU (Figure 3.10) assay showed

reduced cell viability of Tet2-KO cells relative to WT cells under cytokine stimulation .

Several cell cycle genes including Cdkn2a and Cdkn2c (Figure 4.30A) and cell apoptosis

genes, such as c-Fos and Casp3 (Figure 4.30B) showed differential gene expression in

Tet2-KO cells. However, RNA-seq experiments were performed on cells cultured in

SCF medium (100 ng/mL) whereas little difference in cell viability was observed at this

condition (Figure 3.8). In order to understand the molecular changes on cell viability

affected by Tet2 deficiency, transcriptomics profiling on cells under differentiation

conditions would be necessary to reveal the answer.

To identify genes directly affected by Tet2 deficiency, I performed ChIP-seq experiments

to map Tet2 binding sites and discover Tet2-direct targets. Lack of ChIP-grade Tet2

antibody and high background ChIP signal observed in Tet2-KO cells made it difficult to

directly map the endogenous Tet2 protein. Thus, I constructed a HPC-7 cell line where

the endogenous Tet2 protein was removed and 3xHA-Tet2 was expressed to be a similar

level as the endogenous Tet2 protein. HA-ChIP identified 21883 Tet2 BS in HPC-7 cells

(Figure 4.10). Tet2 peaks were mainly located in gene promoter enriched with H3K4me3

and H3K27ac, intron region and distal regulatory elements marked with H3K4me1 and
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Figure 4.30: Expression changes of genes involved in cell cycle and cell apoptosis in Tet2-
KO cells versus WT cells. Bar plots showing significantly (FDR<0.05) differential expressed
genes involved in cell cycle (A) and cell apoptosis (B). Differential expression analysis was done
by DESeq2. Y-axis represents the log2 fold change of gene expression in Tet2-KO clone 7 versus
WT HPC-7 cells. Error bars indicate estimated standard error for the log2-scaled fold changes.

H3K27ac (Figure 4.11 and 4.12). Rasmussen and colleagues revealed a cell-type specific

manner of Tet2 binding pattern (Rasmussen et al., 2019). Our identified HPC-7 Tet2

BS was enriched with myeloid-specific TF binding motifs and exhibited the similar TF

binding pattern as what was reported in the mouse myeloid cell Tet2 peaks (Figure 4.15).

More importantly, most of the up/down-regulated DE genes identified in Tet2-KO cells

were found to have Tet2 genomic binding, indicating the dual function of Tet2 activity in

gene activation and repression (Figure 4.16).

Tet2 is known as a cytosine methylation dioxygenase and Tet-mediated 5mC iterative

oxidation provides an DNA demethylation mechanism. To explore whether Tet2 binding

is closely related to its DNA demethylation activity, Dr. Sophie Kirschner from our group

performed TAPS-β experiments to map the 5mC level in two Tet2-KO clones, Tet2 WT

cells and HA-Tet2 expressing HPC-7 cells. Olena Yavorska, a DPhil student from the

group did the data analysis. Although there was no global gain or loss of DNA methylation

observed in Tet2-KO cells (Figure 4.18), enhancers exhibited DNA hypermethylation

upon Tet2 deficiency (Figure 4.19). More importantly, restoration of Tet2 expression in

Tet2-KO cells reverses the hypermethylation phenotype observed on enhancers. These

results support a predominant role of Tet2-mediated DNA demethylation at enhancer

regions. And this is consistent with findings from other studies where the enrichment
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of DNA hypermethylation caused by Tet2 depletion on enhancer regions was identified

in a variety of cells types including mouse ESCs, mouse blood cells and humam AML

patients (Hon et al., 2014; Lio et al., 2019a; Lu et al., 2014; Rasmussen et al., 2015).

Moreover, Tet2 depletion causes an increase of DNA methylation at some Tet2 binding

sites (Figure 4.20) and the increase of DNA methylation is more significant in enhancer-

associated Tet2 binding sites, which further supports the important role of Tet2 binding

and Tet2-mediated DNA demethylation at enhancer regions (Figure 4.21). For genes

having Tet2 binding at the promoter region, the expression could get downregulated and

exhibited hypermethylation once Tet2 is depleted, suggesting that Tet2 is involved in gene

activation via its DNA demethylase activity. Wherease, some Tet2-bound genes could

also get upregulated when Tet2 is not expressed, this indicates a repressive role of Tet2

in gene expression regulation, and the mechanism by which Tet2 negatively affects its

targeted gene expression still remain unknown.

In the study, I also found several examples of Tet2 function at hematopoietic enhancer

regions and the binding of Tet2 affects the DNA demethylation and thus lead to the

expression changes of the enhancer-cognate genes (Figure 4.27,4.28,4.29). csf1R, Cebpa

and Cebpe are key hematopoietic factors involved in myeloid lineage specification,

and the expression of genes have been found to be regulated by enhancer elements.

The three genes were significantly down-regulated in Tet2-KO cells and exhibited Tet2

binding at their associated enhancer region. More importantly, DNA hypermethylation

was observed at these enhancer regions upon Tet2 deficiency. Enhancers are DNA

regulatory elements bound by many DNA-binding transcription factors to activate the

transcription of its associated gene to a higher level (Koch et al., 2011; Krivega and Dean,

2012. At the Tet2-bound myeloid-specific enhancers, I also observed the binding of many

other TFs, including Runx1, Fli1, Gata2, PU.1, and Cebpb. Further analysis revealed

Tet2 co-localizes with many essential hematopoietic TFs in the HPC-7 genome (Figure

4.24). Among the TFs, Runx1 and PU.1 has been reported to recruit Tet2 (Chu et al.,

2018; de la Rica et al., 2013) at the TF-targeted genes. So that Runx1 or PU.1 might

be responsible for the recruitment of Tet2 to the chromatin, Tet2 might further recruit

other factor to the chromatin or affect the TF complex formation at the target region. A
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systematic analysis have revealed the impact of cytosine methylation on DNA binding

ability of human transcription factors (Yin et al., 2017), where DNA methylation could

affect the binding of TFs in both positive and negative way. The analysis showed

that bHLH-, bZIP-, and ETS-family TFs were generally inhibited by mCpG (methyl-

minus), whereas NFAT (RHD) TFs and many members of the homeodomain family show

preference in binding to mCpG-containing sequences (Yin et al., 2017). The binding of

Fli1, a member of ETS family protein, was shown to be inhibited by DNA methylation.

The predisposition of Tet2 at the enhancer region alters the DNA methylation level and

could prevent or promote the further binding of TF, thus affect the enhancer function in

regulating gene expression.
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5.1 Introduction

In vivo, protein rarely performs as an isolated individual when exerting its function. Over

80% of proteins have been reported to operate within complex (Berggård et al., 2007).

The study of protein-protein interaction (PPI) not only helps to understand the function

of the protein but also helps to predict a protein’s unknown function and related cellular

processes. Previous studies have identified several Tet2 interacting partners which have

155
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provided some insights in understanding of Tet2 chromatin recruiting mechanism, Tet2-

involved gene regulation or post-translational regulation of Tet2 protein. However, little

is known about the interacting partners of Tet2 in hematopoietic context since almost all

Tet2 interactors were identified in hematopoietic-irrelevant cell background. Thus, in this

study, facilitated by the availability of the HPC-7 cells for biochemical applications, I

performed the first Tet2 interactome mapping in a hematopoietic cell context, and hope

it could benefit our understanding of Tet2-mediated gene regulation and the cellular

phenotypes identified in Tet2-KO cells.

In this chapter, I will present the work in identifying Tet2-interacting partners in HPC-

7 cells by firstly introducing the exploration of proximity-based methods (BioID and

APEX2-labelling) for PPI identification (Chapter 5.2.1), then I will explain the problems

and difficulties when applying the proximity-based method in HPC-7 (Chapter 5.2.2).

In the end, I will illustrate the construction of an inducible 3xHA Tet2-expressing

HPC-7 cell (Chapter 5.2.3) and introduce the Tet2 interactome mapping using anti-HA

immunoprecipitation-Mass Spectrometry (IP-MS) (Chapter 5.2.4).

5.2 Results

5.2.1 Optimisation of protein-protein interaction mapping methods

Yeast two-hybrid (Y2H) screening and affinity-purification coupled to mass-spectrometry

(AP-MS) approach were two major methods for PPI identification at the large scale

(Dunham et al., 2012; Yu et al., 2008b). Despite Y2H is a powerful approach for two

proteins interaction mapping, testing the mammalian PPI in a heterologous system such as

the yeast might result in false-positive or false-negative results if the PPI is dependent on

certain post-translational modifications. In contrast, AP-MS capture the protein complex

of interest from the mammalian cell system via enrichment with antibody against protein

of interest or epitope tag, which is well-suited for high-throughput experiments. However,

lack of a good protein antibody for affinity-purification have brought limits while using

the method. Although expressing the recombinant tagged protein and performing IP using

the epitope tag antibody could alleviate this issue, the over-expression of the recombinant
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protein, or the misfolding of the protein, and the in vitro purification steps could lead to

increase in false-positive or false-negative results.

Recent years, the proximity-based labelling has been developed and widely used as

a powerful method for protein interactome mapping. BioID and APEX2 labelling

are the two main proximity-based interactome mapping methods. In both methods,

protein of interest and its interacting proteins were labelled in vivo through the enzyme-

catalyzed biotinylation, and identified by streptavidin purification/mass spectrometry.

The in vivo labelling-based method could avoid the false-positive interactions formed

during in vitro purification and false-negative interactions lost during the purification

process (Trinkle-Mulcahy, 2019). To test if the approach is suited for Tet2 interaction

identification, I examined the strength of the BioID and APEX2 labelling method in

identifying the known Tet2 interaction with OGT in 293 T cells which are easy-to-

transfect cells and was originally used for identifying TET2-OGT interaction (Chen et al.,

2013).

BioID is not able to capture known Tet2 interaction with OGT

BioID utilizes the promiscuous prokaryotic biotin ligase mutant BirA* which generates

the reactive biotinyl-AMP (bioAMP) from biotin and ATP (Choi-Rhee et al., 2004;

Cronan, 2005; Kim et al., 2014; Lane et al., 1964; Roux et al., 2012). And the free

bioAMP will react with adjacent primary amines, resulting in biotinylation of the proteins

Figure 5.1: Schematic representation of BioID proximity labelling assay. Image is adapted
from Roux et al., 2012 Figure 1. Cells expressing Tet2-BirA* fusion proteins were treated with
50 µM biotin for 24 h to biotinylate protein in close proximity to the fusion protein. Cells were
lysed and biotinylated proteins were captured by streptavidin-conjugated beads for downstream
identification.
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in close proximity (labelling radius, 10 nm) to the fusion protein (Figure 5.1). BiA*-

induced biotinlyated proteins were captured by streptavidin-conjugated beads, followed

by Western blot analysis.

Figure 5.2: Tet2-birA fusion protein is not enzymatically active in biotinylation labelling
in 293 T cells (A) Constructs used for testing BioID method in HEK293 T cells. CMV:
human cytomegalovirus promoter; BirA*: Escherichia coli biotin-ligase R118G mutant; HA:
human influenza hemagglutinin tag; β-globin intron: intron from rabbit β-globin gene; Flag:
DYKDDDDK peptide; Tet2: mouse Tet2 gene. (B) Western blot analysis of Tet2-BirA* fusion
protein in nuclear extracts from HEK293 T cells transiently transfected with indicated constructs.
untransfected: No DNA and no transfection reagents. Tet2 only serves as a control and shows
the nuclear expression in 293 T cells. TBP is served as the nuclear loading control. (C) Western
blot analysis of BioID-mediated proximity labelling by blotting cytoplasmic (Cyto) and nuclear
(Nuclear) fractions from transfected cells shown in (B) with streptavidin-horseradish peroxidase
(Strep-HRP). IB: immunoblot. untransfected: No DNA and no transfection reagents. BirA* serves
as a control and indicates the biotinylation dependent on BirA* expression. (D) Streptavidin
pull-down of HEK293 T cells transiently expressing Tet2-BirA* constructs. Eluted biotinlyated
proteins were analyzed by Western blotting antibodies against Flag and OGT.

In this study, BirA* was fused to either N-terminus or C-terminus of Tet2 protein (Figure

5.2A) and the fusion constructs were transiently expressed in 293 T cells cultured in biotin

supplemented medium for 24 hr. Tet2-BirA* fusion protein showed clear expression

indicating the tag does not interfere the protein folding or the antibody recognition
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(Figure 5.2B). Western blot probed with streptavidin-HRP did not detect increased

protein biotinylation signal in nucleus and cytoplasm fractions of transfected cells (Figure

5.2C). Moreover, streptavidin pull-down assay did not capture any biotinlyated Tet2 or

biotinlyated OGT protein (Figure 5.2D), suggesting BirA* tag is not catalytically active

when fused with Tet2 protein. In summary, BioID method is not capable in capturing

Tet2 interactome because of the lack of activity of BirA* tag.

APEX2 proximity labelling was suitable for Tet2 interactome mapping in 293 T
cells

APEX2 labelling assay was also tested in mapping the known interaction between Tet2

and OGT in 293 T cells. APEX2 is an engineered plant ascorbate peroxidase which has

the same molecular weight as the GFP protein (27 kDa) (Hung et al., 2016). Figure 5.3

illustrates the process of APEX2-mediated proximity labelling in interactome mapping.

Tet2-APEX2 expressing cells were incubated with biotin-phenol for 30 min and then

treated with 1 mM Hydrogen Peroxide (H2O2) for 1 min to initiate biotinylation labelling.

APEX2 uses H2O2 as an oxidant to catalyze the oxidation of biotin-phenol (BP) into a

biotin-phenoxyl radical. Biotin-phenoxyl radical is short lived (<1ms) and covalently

Figure 5.3: Schematic representation of APEX2 proximity labelling assay. Image is adapted
from Hung et al., 2016 Figure 1a. Cells expressing Tet2-APEX2 fusion proteins were treated with
biotin-phenol for 30 min and then incubated with 1 mM H2O2 for 1 min to initiate biotinylation
labelling of proteins in close proximity to the fusion protein. Cells were lysed and biotinylated
proteins were captured by streptavidin-conjugated beads for downstream identification.
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tags the proximal neighbouring proteins (Hung et al., 2016). Compared to BioID method,

APEX2 method has much faster labeling rate (1 minute instead of 24 h).

Figure 5.4: Tet2-APEX2 fusion protein is biotinylation labelling-active. (A) Constructs used
for testing APEX2 method in HEK293 T cells. CMV: human cytomegalovirus promoter; Flag:
DYKDDDDK peptide; APEX2: engineered plant ascorbate peroxidase; β-globin intron: intron
from rabbit β-globin gene; Tet2: mouse Tet2 gene. (B) Western blot analysis of Tet2-APEX2
fusion protein in nuclear extracts from HEK293 T cells transiently transfected with indicated
constructs. untransfected: No DNA and no transfection reagents. Tet2 only serves as a control
and shows the nuclear expression in 293 T cells. Samples in which biotin-phenol and H2O2 were
omitted serve as negative controls. TBP is used as the nuclear loading control. (C) Western blot
analysis of APEX2-mediated proximity labelling by blotting nuclear lysates from transfected
cells shown in (B) with streptavidin-horseradish peroxidase (Strep-HRP). Samples in which
biotin-phenol and H2O2 were omitted serve as negative controls and indicate the endogenous
biotinylation level.

APEX2 tag was fused to either N-terminus or C-terminus of Tet2 protein and fusion

constructs were transiently expressed in 293 T cells (Figure 5.4)A. BP and H2O2 omitted
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samples were used as the control for the specificity of biotinylation labelling. Tet2-APEX2

showed clear expression in the transfected cells (Figure 5.4B). Interestingly, the addition

of BP and H2O2 to the medium induced a band shift of Tet2-APEX2 fusion protein on

the blot (Figure 5.4B). It is unclear about what causes the band shift of Tet2-APEX2

fusion protein during the BP/ H2O2 treatment. To test if the Tet2-APEX2 fusion protein

is biotinylation labelling-active, I checked the protein biotinylation level in the extracted

nuclear lysates of the transfected cells (Figure 5.4C). Tet2-APEX2 induced increased

biotinylation when cells were treated with BP and H2O2 (Figure 5.4C). The labelled

protein patterns were similar between N- and C-terminal APEX2-tagged proteins.

Figure 5.5: Identification of the known Tet2 interactions in 293 T cells by APEX2 proximity
labelling assay. Streptavidin pull-down of HEK293 T cells transiently expressing the APEX2
or Tet2-APEX2 fusion proteins. Eluted proteins were separated by SDS-PAGE and analyzed
by Western blotting using the indicated antibodies. untransfected: No DNA and no transfection
reagents. Samples in which biotin-phenol and H2O2 were omitted serve as negative controls and
indicate the endogenous biotinylation level. The expression of Tet2 and Tet2 fusion protein are
detected by immunoblotting (IB) with anti-Flag and anti-Tet2. The detection of reported Tet2
interactions in Tet2-APEX2 labelling proteome are examined by IB with anti-OGT and anti-WT1.
TBP serves as the loading control and negative control for non-specific biotinylation labelling.

Streptavidin pull-down experiments revealed that Tet2-APEX2 fusion protein could

self-biotinylate and biotinylate the known Tet2-interactors, OGT and WT1 (Figure 5.5),

suggesting the strength of APEX2 labelling as a way to map Tet2 interactome. However,

TATA-box binding protein (TBP) which has not been reported to interact with Tet2 was

also captured by Streptavidin-conjugated beads when cells were treated with BP and H2O2,
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indicating TBP was biotinylated by Tet2-APEX2 in vivo. The detection of biotinylated

TBP might be a consequence of over-expression of Tet2-APEX2 fusion protein and these

might suggest a potential problem in having false positive protein-protein interaction

when using the APEX2 labelling assay.

Figure 5.6: Tet2-APEX2 is localized in nucleus. Immunofluorescence imaging of Tet2-APEX2
fusion protein in HEK293 T cells. Cells were transfected with either Tet2-APEX2 (A) or APEX2-
Tet2 (B) construct for 24 h, and treated with biotin-phenol and H2O2 to initiate biotinylation
labelling. Samples in which biotin-phenol and H2O2 are omitted serve as a negative control and
indicate the effects of chemical treatments on protein localization. DAPI (blue) indicates nuclear
staining. Tet2-APEX2 fusion protein is stained with antibody against Tet2 (red). Biotinylation
labelling is visulized by Streptavidin, Alexa Fluor® 488 Conjugate (Green). Scale bar= 20 µM.

Immunofluorescence results confirmed the predominantly nuclear localization of Tet2-

APEX2 fusion protein and the specificity of the biotinylation reaction (Figure 5.6).

Furthermore, the N-terminal fusion protein (APEX2-Tet2) was shown to be expressed

more specifically inside the nucleus, indicating the N-terminal tagging has less effect on

protein localization, thus it is more suitable for Tet2 tagging (Figure 5.6B). Expression
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of WT Tet2 could lead to evidently increased 5hmC and decreased 5mC (Figure5.7).

Comparatively, Tet2-APEX2-transfected cells also showed clear induction of 5hmC.

Moreover, BP/H2O2 treatment seem to have little effect on Tet2 enzymatic activity.

Figure 5.7: Tet2-APEX2 can catalyze the 5-mC oxidation. LC-MS/MS measurements of ge-
nomic 5-hmC level (A) and 5-mC level (B) in HEK293 T cells transiently expressing Tet2 or
Tet2-APEX2 fusion proteins. untransfected: No DNA and no transfection reagents. Tet2 only
serves as a control and indicates the 5mC oxidation activity of wildtype protein. Samples in
which biotin-phenol and H2O2 are omitted serve as a negative control and indicate the effects of
chemical treatments on 5mC oxidation. Mean values from three biological replicates are plotted.
Error bars indicate standard deviation.

In summary, Tet2-APEX2 expresses mainly in nucleus and APEX2 tag does not interfere

the 5mC oxidation activity of Tet2 protein. Tet2-APEX2 could label the known Tet2-

interactor, OGT, through biotinylation, suggesting APEX2 proximity labelling method

could be used for Tet2 interactome mapping in HPC-7 cells. However, the unexpected

TBP biotinylation observed in the Tet2-APEX2 expressing cells suggests a potential false

positive labelling due to the overexpression of the APEX2 fusion protein. To express the

APEX2 protein via a weak promoter follow by a stable expression, or to use the inducible

expression system might be necessary to avoid any false positive labelling.

5.2.2 Tet2 could not be expressed by Retrovirus expression system

To circumvent problems with protein overexpression, I firstly attempted to use the MSCV

retrovirus system to achieve the stable expression of APEX2-Tet2 in HPC-7 cells (Figure

5.8). Murine stem cell virus (MSCV) expression system was selected in this study since

MSCV LTR exhibits a strong activity in driving gene expression in myeloid cells and

embryonal cells (Weber and Cannon, 2007) and MSCV system has also been widely used
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for ectopic gene expression in HPC-7 cells. HPC-7 cells expressing APEX2 protein was

generated and used as a control for the specific biotinylation labelling of Tet2-interactome.

GFP was used as a marker to facilitate the detection of integration of the fusion protein

expression cassette. After viral transduction, GFP+ cells were isolated and maintained in

SCF culture medium (Figure 5.8).

Figure 5.8: Construction of APEX2-tagged Tet2-expressing HPC-7 cells by retrovirus
system. (A) Retroviral constructs used for Tet2-APEX2 expression in HPC-7 cells. LTR: long
terminal repeats; MSCVψ: viral packaging signal ; gag: viral packaging gene; APEX2: engineered
plant ascorbate peroxidase; Flag: DYKDDDDK peptide; Tet2: mouse Tet2 gene; NLS: nuclear
localization signal; EGFP: enhanced green fluorescence protein; IRES: internal ribosomal entry
site. (B) FACS analysis of HPC-7 cells expressing either APEX2 or APEX2-Tet2 fusion protein.
Percentage of eGFP+ cells is indicated. APEX2-Tet2 #1 and APEX2-Tet2 #2 are cells infected at
the same time but sorted independently.

Although APEX2-Tet2 HPC-7 cells showed clear expression of GFP (Figure 5.8B),

APEX2-Tet2 protein was not detected in Western Blot using antibodies against Tet2 and

Flag tag (Figure 5.9). To further examine the expression of APEX2-Tet2 fusion protein,

I treated the APEX2-Tet2 cells with BP and H2O2 to check if the fusion protein could

induce biotinylation labelling in vivo (Figure5.10).
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Figure 5.9: APEX2-Tet2 is not expressed in HPC-7 by retrovirus system. Cells were treated
with biotin-phenol and H2O2 to initiate biotinylation labelling. Nuclear proteins are extracted,
separated by SDS-PAGE and analyzed by western blotting. Tet2 fusion protein is detected by
antibodies against Tet2 and Flag tag. TBP is served as the nuclear loading control. Tet2 fusion
proteins expressed in 293 T cells serve as a control and indicate the right molecular size.

Although APEX2-Tet2 could induce biotinylation labelling in nucleus when cells were

treated with BP and H2O2 (Figure 5.10A), the increased biotinylation was also observed

in treated WT HPC-7 cells. More importantly, the treated WT cells showed similar

biotinylation signal as the treated APEX2-Tet2 expressing cells (Figure 5.10A). Further

experiments revealed the induced biotinylation in WT cells only occurred when cells were

treated with both BP and H2O2, indicating the existence of an endogenous peroxidase in

WT cells. Streptavidin pull-down experiments revealed the weak bands in blots stained

with antibody against Tet2 and its known interactor, OGT (Figure 5.10C). However,

little difference was observed in streptavidin pull-down results between WT and APEX2-

Tet2 cells. In conclusion, lack of clear expression of APEX2-Tet2 and the unexpected

endogenous biotinylation background in WT HPC-7 cells bring us concerns in applying

the proximity labelling method for Tet2 interactome mapping.
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Figure 5.10: HPC-7 cells have endogenous biotinylation background. (A) Western blot anal-
ysis of APEX2-mediated proximity labelling by blotting nuclear lysates from HPC-7 cells stably
expressing Tet2-APEX2 with streptavidin-horseradish peroxidase (Strep-HRP). Wild-type HPC-7
serves as a control and indicates endogenous biotinylation level. Samples in which biotin-phenol
and H2O2 were omitted serve as control for the reaction specificity. (B) Western blot analysis
of endogenous biotinylation background in nuclear lysates from wild-type HPC-7 cells. (C)
Streptavidin pull-down of HPC-7 stably expressing Tet2-APEX2 fusion proteins. Eluted proteins
were separated by SDS-PAGE and analyzed by Western blotting using the indicated antibodies.
The expression of Tet2 and Tet2 fusion protein are detected by immunoblotting (IB) with anti-Tet2.
The detection of reported Tet2 interactions in Tet2-APEX2 labelling proteome are examined
by IB with anti-OGT. TBP serves as the loading control and negative control for non-specific
biotinylation labelling.

To map Tet2 interactome in HPC-7 cells, I also tried the classic affinity-purification based

method in the meantime and generated a HPC-7 cell line with the stable expression of

Flag-HA-Tet2 (FH-Tet2) (Figure 5.11A). FH-Tet2 cells showed clear expression of GFP

by flow cytometry (Figure 5.11B). Although there was no big change in the total Tet2

mRNA level in FH-Tet2 cells, FH-Tet2 mRNA did get expressed in the constructed cells
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(Figure 5.11C).

Figure 5.11: Construction of Flag-HA-tagged Tet2-expressing HPC-7 cells by retrovirus
system. (A) Retroviral constructs used for Flag-HA tagged Tet2 (FH-Tet2) expression in HPC-7
cells. LTR: long terminal repeats; MSCVψ: viral packaging signal ; gag: viral packaging gene;
Flag: DYKDDDDK peptide; HA: human influenza hemagglutinin tag ; Tet2: mouse Tet2 gene;
EGFP: enhanced green fluorescence protein; IRES: internal ribosomal entry site. (B) FACS
analysis of GFP signal in HPC-7 cells expressing Flag-HA tagged Tet2. Percentage of eGFP+

cells is indicated. (C) Quantitative RT-qPCR analysis of total Tet2 (Left) and FH-Tet2 (Right)
in HPC-7 stably expressing FH-Tet2. Data are normalized to Gapdh. Mean values from three
biological replicates are plotted. Error bars indicate standard deviation.

The expression of FH-Tet2 protein was confirmed by Western blot probed with anti-HA

antibody (Figure 5.12A). A slightly increased total Tet2 level was observed in FH-Tet2

cells (Figure 5.12B). Problem was encountered while validating the reported interaction

between Tet2 and OGT (Figure 5.12C). Although anti-HA IP identified OGT in the IP

products from FH-Tet2 cells, OGT was also observed in IP experiments on WT HPC-7

cells. Silver stain did not reveal any difference in IP experiments between WT and

FH-Tet2 cells (Figure 5.12D). Moreover, no protein band was detected in IP products

during silver stain, which might indicate the low efficiency of IP enrichment or the low

expression level of bait protein (FH-Tet2) in cells . In summary, lack of expression of

APEX2-Tet2 fusion protein and low expression of FH-Tet2 both indicate the incapability

of retroviral expression system when expressing large constructs like Tet2 (>200 kDa).



5. Tet2 interactome mapping in HPC-7 cells 168

Figure 5.12: Characterization of FH-Tet2 expression in HPC-7. Western blot analysis of FH-
Tet2 expression using antibodies against HA tag (A) and Tet2 (B). TBP is served as the nuclear
loading control. FH-Tet2 proteins expressed in 293T cells serve as a control and indicate the right
molecular size. (C) FH-Tet2 protein was immunoprecipitated with HA antibody, followed by
the western blotting analysis to detect the co-immunoprecipitation between Tet2 and Ogt. WT:
wild-type HPC-7. (D) silver stain of 10% anti-HA immunoprecipitation purification with WT or
FH-Tet2 expressing HPC-7 cells.

5.2.3 Generation of an inducible 3xHA Tet2 expressing HPC-7 cell
line

Lack of sufficient expression of tagged-Tet2 with the retrovirus system suggest that the

mammalian gene expression system with a stronger promoter activity would be required

for the ectopic Tet2 expression. Strong constitutive promoters such as SV40, CMV, and

EF1A would be helpful to achieve the strong expression of protein of interest (Qin et al.,

2010) but over-expression might occur at the same time. In order to achieve a good

expression level of the tagged-Tet2 protein for affinity purification/MS, I adapted the

inducible expression system, piggyBac-Tet-on system, from Colin Goding group (Figure
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Figure 5.13: Construction of the inducible expression of tagged-Tet2 in HPC-7 Tet2-KO
cells by piggyBAC-Tet-on system. Schematic representation of the piggyBAC-Tet-on system
used in this study. (A) Tet-on system: rtTA and GOI are flanked by ITRs, followed by the piggyBac
transposase-mediated excision, integrated at TTAA sites in the HPC-7 genome. (B) Constructs
for inducible 3xHA Tet2 expression used in this study. (C) Constructs for inducible FH-Tet2
expression used in this study. rtTA binds to the TRE and activates the expression of mouse Tet2
gene in the presence of dox. ITR: inverted terminal repeat; rtTA: reverse tetracycline-controlled
transactivator; GOI: gene of interest; Dox: doxycycline; CAG: the CMV early enhancer/chicken
actin promoter; TRE: tetracycline response element; minimal CMV: minimal cytomegalovirus
promoter; β-globin intron: intron from rabbit β-globin gene; HA: human influenza hemagglutinin
tag; Flag: DYKDDDDK peptide; Tet2: mouse Tet2 gene.

5.13A). piggyBac is a DNA transposon, originally isolated from the cabbage looper

moth Trichoplusia ni genome and has a large cargo size (Cary et al., 1989; Li et al.,
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2011a). piggyBac has been used for the efficient transposition of its carried genes into the

mammalian genome via a ’cut and paste’ mechanism (Ding et al., 2005). Transposition is

catalyzed by the transposase which recognizes the inverted terminal repeats (ITRs) of the

transposon, and ‘cuts’ the DNA segment from the transposon vector and ’paste’ it into the

TTAA sites in the mammalian genome to achieve the stable integration of gene expression

cassettes (Figure 5.13A). Tet-on system controls the timing and level of expression of

gene of interest. The rtTA (transcriptional transactivator) was developed by the fusion of

VP16 transcription activation domain and a mutant Tet repressor (Gossen et al., 1995).

In the presence of tetracycline or its analogs (e.g. doxycycline), rtTA can bind to the

TRE (tetracycline response element) and activate the expression of downstream gene.

Two types of tagged-Tet2 piggBAC-Tet-on expression cassettes, 3xHA-Tet2 and FH-

Tet2, were constructed and introduced into the HPC-7 Tet2-KO clone 2-1 and KO 2-7

respectively (Figure 5.13B and C).

Figure 5.14: Western blot analysis of inducible expression of tagged-Tet2 in whole cell
lysates from Tet2-KO HPC-7 cells. (A) Inducible expression of 3xHA Tet2 or FH-Tet2 in
HPC-7 Tet2-KO clone 2-1 background. (B) Inducible expression of 3xHA Tet2 or FH-Tet2 in
HPC-7 Tet2-KO clone 2-7 background. Cells were treated with indicated dox concentration for
24 h to induce the tagged-Tet2 expression before whole cell lyaste extraction. Tagged-Tet2 is
detected by immunoblotting with anti-Tet2. Actin and Tbp serve as loading controls. WT: HPC-7;
KO1: HPC-7 Tet2-KO clone 2-1; KO7: HPC-7 Tet2-KO clone 2-7. Dox: doxycycline.

Cells with stable integration of expression cassette were selected by the antibiotics
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selection medium. Tet2-KO cells were treated with dox for 24 h to induce the expression

of 3xHA Tet2 or FH-Tet2 protein (Figure 5.14). Tet2 was expressed in a dox concentration-

dependent manner. One of the advantages of the inducible expression system is to control

the expression level of protein by dox concentration. In this experiment, a level of tagged-

Tet2 comparable to the endogenous WT protein was able to achieve by the indicated dox

concentration (KO1/FH-Tet2: 10 ng/mL; KO7/3xHA-Tet2: 100 ng/mL; KO7/FH-Tet2:

25 ng/mL). Noticeably, 3xHA Tet2 was relatively lowly-expressed in Tet2-KO1 cells

even if cells were treated with the highest dox dosage, which could be explained by the

low amount of rtTA expressed in cells or low copy numbers of the integrated expression

cassette (Figure 5.14A). Interestingly, FH-Tet2 started to be expressed even there was no

dox present in the medium. This FH-Tet2 leaky expression might come from the minimal

promoter activity in the constructs.

Figure 5.15: Characterization of 3xHA Tet2-expressing HPC-7 Tet2-KO 2-7 cells. (A) West-
ern blot analysis of inducible expression of 3xHA Tet2 in whole cell lysates from HPC-7 Tet2-KO
2-7 by piggyBAC-Tet-on system. Cells were treated with indicated dox concentration for 24 h
to induce the 3xHA Tet2 expression prior to Western blot analysis. 3xHA Tet2 is detected by
immunoblotting with anti-Tet2. Tbp serves as the loading control. (B) LC-MS/MS measurements
of genomic 5-hmC level (left) and 5-mC level (right) in 3xHA Tet2-expressing HPC-7 Tet2-KO
2-7 cells. Cells were treated with indicated dox concentration for 24 h, followed by genomic DNA
extraction, hydrolysis and LC-MS/MS quantification. LC-MS/MS quantification was provided
by Paolo Spingardi. Mean values from three biological replicates are plotted. Error bars indicate
standard deviation.

Re-expression of tagged-Tet2 resulted in increased 5hmC in Tet2-KO cells (Figure 5.15B).

When cells were treated with 100 ng/mL dox, 3xHA Tet2 was expressed in a level close
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to the endogenous protein, however, 5hmC induced at this dox concentration was higher

than the level in WT cells.

5.2.4 Anti-HA immunoprecipitation (IP) to identify Tet2 interacting
proteins in HPC-7 cells

Figure 5.16: Characterization of anti-HA IP-mass spectrometry HPC-7 Tet2-KO 2-7 Tet-ON
3x HA Tet2 cells were treated with 250 ng/mL dox for 24 h prior to nuclear protein extraction,
anti-HA immunoprecipitation, and LC-MS/MS analysis. Anti-HA IP with nuclear proteins
from HPC-7 Tet2-KO 2-7 was used as the negative control for Tet2 interactome mapping. Four
biological replicates were prepared and submitted for MS analysis. (A) Western blot analysis of
anti-HA IP-mass samples. A known Tet2 interactor, Ogt, is tested in the anti-HA IP samples. IP:
immunoprecipitation; FT: flowthrough. (D) Silver stain of anti-HA IP-mass spec samples. 5% IP
samples were analyzed by SDS-PAGE, followed by silver staining. Replicate 1 in KO group is an
outlier and excluded from downstream analysis

To identify Tet2 interacting partners in HPC-7, Tet2-KO7/ Tet-on 3xHA Tet2 cells were

cultured with 250 ng/mL dox for 24 hr to induce the expression of 3xHA Tet2 near the

endogenous level, followed by nuclear protein extraction. To prepare one replicate for IP-

MS, 5 mg nuclear lysates were incubated with anti-HA antibody overnight, followed by 3

hr beads incubation, to capture Tet2 and its interacting complex. Interacting complexes



5. Tet2 interactome mapping in HPC-7 cells 173

were eluted from the beads in SDS sample buffer, followed by Mass-spec identification.

Anti-HA IP on Tet2-KO7 cells was prepared as control for antibody non-specific binding

and beads matrix binding. 4 biological replicates were prepared for each group. IP-

MS samples were analyzed by Western blot before submission for Mass-spectrometry

identification (Figure 5.16A). Western blot analysis showed that 3xHA Tet2 was expressed

in a similar level among the four biological replicates. Tet2 and its known interacting

partner OGT were identified by anti-HA IP, reflecting the strength of affinity purification-

based approach for Tet2 interaction identification. Silver stain revealed the different

protein pattern present in ant-HA IP samples between 3xHA Tet2 cells and Tet2-KO cells

(Figure 5.16B).

5.3 Discussion

Tet2 is well-known for its function in the iterative oxidation of cytosine methylation

in mammalian cells, this provides an mechanism for active DNA demethylation. Tet2

mutations were frequently identified in patients with hematological malignancies and

healthy individuals with clonal hematopoiesis, indicating an important role of TET2 in

normal and malignant hematopoiesis. In this chapter, I focused on the understanding of

Tet2 interacting partners in the hematopoietic context. Hematopoietic progenitor cell,

HPC-7, was chosen for the hematopoietic-relevant Tet2 interactome mapping.

Compared to the classical affinity purification-based interactome mapping approach,

proximity labelling-based method has advantages in capturing weak and transient protein-

protein interaction. BioID was not functional in our study since Tet2-BirA* fusion protein

did not lead to induction of active biotinylation labelling and failed to label the known

Tet2 interactor OGT in vivo (Figure 5.2). Instead, APEX2 labelling assay was able

to validate the reported interaction between Tet2 and OGT in 293 T cells (Figure 5.5).

CRISPR-Cas9 mediated APEX2 knock-in at the endogenous Tet2 locus in HPC-7 was

firstly attempted and no true targeted clone was isolated at the end (Data not shown).

APEX2-Tet2 fusion protein can not be expressed by MSCV retrovirus expression system

and unexpected high level of endogenous biotinylation signal was observed in WT HPC-7
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cells during APEX2 assay, which could hamper the strength of proximity labelling for

interaction mapping (Figure 5.8). Protein low expression also occurred when using the

retroviral system to expression FH-Tet2 (Figure 5.12). This might suggest an inefficiency

of the retrovirus system in expressing large construct. In the end, I managed to achieve

an inducible tagged-Tet2 expression in the Tet2-KO HPC-7 cells by using the piggyBAC-

Tet-on system (Figure 5.14). 3xHA-Tet2 was expressed in a level close to the endogenous

protein. To identify Tet2 interactome in HPC-7 cells, anti-HA IP was performed in

Tet2-KO cells with the re-expression of ectopic tagged-Tet2 (250 ng/mL dox), followed

by Mass-spec protein identification (Figure 5.16). In the next chapter, I will introduce the

IP-MS results of the identified Tet2 interactome in HPC-7 cells.
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6.1 Introduction

In this chapter, I will introduce the IP-MS results of Tet2 interactome mapping in HPC-7

cells (Chapter 6.2.1). To validate the IP-MS-identified novel Tet2 interactions, I firstly did

the reciprocal co-IP in HPC-7 cells to test if the interactor-IP could capture its interaction

with Tet2 protein (Chapter 6.2.2). IP using the antibody against Tet2 protein was attempted

to explore the interaction between the endogenous Tet2 protein and identified interactors

in HPC-7 cells (Chapter 6.2.2). Finally, I identified the domain of Tet2 responsible for its

interaction with novel interactors (Figure 6.2.3).

175
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6.2 Results

6.2.1 Tet2 interactome landscape in HPC-7 cells

To identify Tet2 interactors in HPC-7 cells, four biological replicates of anti-HA IP

on 3xHA Tet2-expressing cells (dox: 250 ng/ml, 24h) and IP on Tet2-KO cells were

submitted for mass-spec analysis. Replicate 1 of IP on Tet2-KO cells was identified as

an outlier and excluded from the downstream analysis. The reproducibility of biological

replicates were assessed by PCA plot in in Perseus (v1.5.2.4) (Tyanova et al., 2016)

(Figure 6.1A). Replicates within the same sample group showed good consistency of

the protein profile identified by MS since replicate samples were grouped together.

To discover proteins significantly identified in IP on 3xHA Tet2 cells over KO cells,

the raw protein peptide intensities were exported and analysed in Perseus. The data

was log2 transformed, normalized by subtracting the median from the columns (each

sample) and then missing values were imputed. The difference (ratio of the normalized

protein intensity) of identified proteins between 3xHA Tet2 cells and Tet2-KO cells

were examined using two-samples test (Figure 6.1B). Importantly, Tet2 itself and the

reported Tet2 interactor, OGT (Chen et al., 2013; Deplus et al., 2013), was discovered

as a protein significantly enriched (FDR<0.05, Difference<0) in 3xHA Tet2 cells group,

Figure 6.1: Overview of anti-HA IP-MS for Tet2 interactome mapping in HPC-7. (A)
Principal component analysis (PCA) plot of anti-HA IP-MS samples. (B) Volcano plot showing
the false discovery rate (FDR) and the fold enrichment values of protein abundance quantified
by MS. Proteins showing significantly differential enrichment (FDR<0.05) in 3xHA Tet2 group
(Blue) and in Tet2-KO group (Red) were indicated. The difference between samples was compared
using two-sided t-test.
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demonstrating that our IP-MS experiments were able to capture the bait of the MS and

the known interaction. In total, 380 proteins were shown to be significantly enriched in

3xHA Tet2 IP group.

To identify high confidence Tet2 interacting partners, a few criteria have been applied to

filter the IP-MS data (Figure 6.2). Total 1891 proteins were identified by IP-MS. Proteins

with two-samples test p value >0.05 and difference value >0 were discarded. Difference

represents the ratio of the normalized protein intensity between 3xHA Tet2 and Tet2 KO

group. Difference <0 represents enrichment in 3XHA Tet2 group. Protein detected with

only one peptide, common MS contaminants e.g. actin, keratin, and ribosomal proteins

were removed from the list. The rest proteins were ranked by confidence score which

reflects the numbers of peptide identified. In the end, 11 proteins with high confidence

score and reported nuclear function were selected for further biochemical validation

(Table 6.1).

Figure 6.2: LC/MS-MS data filtering strategy for downstream HPC-7 Tet2 interaction
validation.
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Table 6.1: Tet2 high-confidence interacting proteins in HPC-7 cells.

Gene Function Confidence
score

Peptide
count

Unique
peptide

Anova
(p)
value

Difference

Tet2 Methylcytosine dioxygenase TET2 3455.25 47 34 0.0001 2.67
Ppp1r9b subunit of phosphatase1a 2995.68 41 35 0.0071 3.04
Noc2l an inhibitor of histone acetyltransferase

activity
1541.5 22 19 0.0055 1.91

OGT UDP-N-acetylglucosamine–peptide N-
acetylglucosaminyltransferase

1495.58 23 16 0.0058 1.53

Mndal interferon-inducible p200 (IFI-200)
family protein

1466.38 21 8 0.0375 1.42

Fyb1 an adapter protein of the FYN and
LCP2 signaling cascades in T-cells

1464.89 26 24 0.0228 1.97

Suz12 Polycomb group (PcG) protein 1389.32 19 17 0.0496 0.49
Rae1 mRNA transport 1027.98 14 11 0.0321 1.16
Rfc5 subunit of the replication factor C com-

plex
991.17 13 10 0.0075 1.97

Rbbp7 core histone-binding subunit 870.63 15 7 0.0017 1.84
Ifi204 Ifi-200 family protein 757.03 12 1 0.0437 2.20
Alyref chaperone for transcription factors con-

taining basic leucine zipper (bZIP) do-
mains

639.21 10 5 0.0018 2.04

Ezh2 Polycomb group (PcG) protein 227.6 4 3 0.0169 3.72

6.2.2 Validation of novel Tet2 interactions in HPC-7 cells

To validate the 11 novel Tet2 interactors discovered by mass-spec. I firstly examined the

existence of the 11 novel interactors in the anti-HA IP on 3xHA Tet2 cells by Western

blot (Figure 6.3). Except Noc2l and Mndal which don’t have a good antibody used for

Western blot, all the other identified Tet2 interactors were confirmed to be found in our

experiments. Although there was a background signal observed in KO cell control group

when detecting Ogt, Ppp1r9b and Fyb1, the absence of MeCP2 which has no reported

interaction with Tet2 in the IP sample indicates that the IP condition is able to exclude

some non-specific binding. Taken together, I was able to validate the existence of 9 out of

the 11 Tet2 interactors. And in the following experiments, I further focused on the Suz12,

Ezh2, Rbbp7, Ppp1r9b and Alyref which have antibody available for IP, thus could allow

us to do reciprocal IP to validate their interaction with Tet2 in HPC-7 cells.
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Figure 6.3: Confirmation of the identified Tet2 interactors by anti-HA immunoprecipitation
with HPC-7 cells expressing 3xHA Tet2. HPC-7 Tet2-KO 2-7/ Tet-on 3xHA Tet2 cells and Tet2-
KO 2-7 cells were both treated with 250 ng/mL dox for 24 hr, followed by nuclear protein
extraction and anti-HA IP purification. IP on Tet2-KO cells and anti-MeCP2 detection by IB serve
as negative control for antibody non-specific binding.

PRC2 interact with Tet2 in HPC-7 cells

Among the identified HPC-7 Tet2 interactors, Suz12, Ezh2 and Rbbp7 were subunits of

core PRC2 (Polycomb Repressive Complex 2) (Hauri et al., 2016). Interaction between

PRC2 complex and Tet2 was confirmed by reciprocal co-IP using antibody against the

polycomb proteins in HPC-7 cells (Figure 6.4). Here, I performed the reciprocal co-IP in

two cell types contexts. Suz12, Ezh2 and Rbbp7 were firstly shown to interact with 3xHA

Tet2 in HPC-7 cells which is the original cell type used for anti-HA-Tet2 IP-MS (Figure

6.4A). To exempt the possibility that observed interaction was a result based on the ectopic
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Figure 6.4: PRC2 interact with 3xHA Tet2 in HPC-7 cells.(A) Western blot analysis of recip-
rocal co-IP with antibody specific for PRC2 complex on nuclear lysates of HPC-7 Tet2-KO 2-7/
Tet-on 3xHA Tet2 cells (250 ng/mL dox for 24 h). (B) Western blot analysis of reciprocal co-IP
with antibody specific for PRC2 complex on HPC-7 nuclear lysate. IgG, anti-MeCP2 and anti-TBP
detection by immunoblotting serve as negative controls for IP.

HA-Tet2 protein, I further performed the reciprocal co-IP in WT HPC-7 cells (Figure

6.4B). Consistently, Suz12 and Ezh2 showed clear interaction with the endogenous Tet2

in HPC-7 cells. In the IP experiments, both MeCP2 and Tbp were considered as control

for IP non-specific background since they don’t have reported interaction with Tet2. The

observation of Tbp in the IP samples might suggest more stringent wash condition would

be required to remove non-specific binding. Despite the interaction between endogenous

Tet2 and Rbbp7 was not found in WT HPC-7 cells (Figure 6.4B Right), we could not

conclude that Rbbp7 does not interact with endogenous Tet2 since the protein antibody
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showed poor performance in the enrichment of the IP bait, Rbbp7 itself and could not

clearly characterize the interaction between Rbbp7 and the other PRC2 components, such

as, Ezh2.

Ppp1r9b and Alyref interact with Tet2 in HPC-7 cells

To validate the interaction between Tet2 and Ppp1r9b, Alyref, I found antibody against

Ppp1r9b and Alyref which could be used for IP and performed the reciprocal IP in the

WT HPC-7 cells (Figure 6.5). The data suggest that Ppp1r9b and Alyref could interact

with endogenous Tet2 in HPC-7 cells respectively.

Figure 6.5: Ppp1r9b and Alyref interact with endogenous Tet2 in HPC-7 cells (A) Western
blot analysis of reciprocal co-IP from HPC-7 nuclear lysates with antibody specific for Ppp1r9b.
(B) Western blot analysis of reciprocal co-IP from HPC-7 nuclear lysates with antibody specific
for Ppp1r9b.

Endogenous Tet2 co-immunoprecipitation in HPC-7

Lack of a reliable Tet2 antibody for IP-based applications has brought difficulties in

mapping endogenous Tet2 interactome. A recent paper from Helin’s group has reported a

new antibody raised against the N-terminal of mouse Tet2 protein. ChIP-seq experiments

were successfully performed by using this Tet2-N antibody (Rasmussen et al., 2019). We

requested some aliquot of this Tet2-N antibody and tested it by co-IP experiments in

HPC-7 cells. Endogenous Tet2 protein was able to be pulled down by the Tet2-N antibody

(Figure 6.6). The known Tet2 interactor, OGT, was able to be detected in the IP samples.

However, high background of IP signal was found in IP on Tet2-KO cells but not in IgG

control group. This make it difficult to draw conclusions from the experiments about

whether Tet2 interacts with identified new interacting proteins. To be able to conclude, I

have to include more wash steps to reduce the non-specific binding since Tbp was present
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in the IP samples. If the background signal still existed in the KO cell samples but not

the IgG control group, this could reflect that non-specificity of the Tet2-N antibody in

recognising the Tet2 protein.

Figure 6.6: Western blot analysis of endogenous Tet2 immunoprecipitation with Tet2-N
antibody in HPC-7 cells. (A) Nuclear lysates from HPC-7 cells were immunoprecipitated
with the antibody specific to the N-terminal of Tet2 protein (A gift from Helin’s group).
Immunoprecipitated proteins were detected by Western blotting with indicated antibodies. IgG
and anti-Tbp detection by immunoblotting serve as negative controls for IP. (B) Nuclear lysates
from HPC-7 or HPC-7 Tet2-KO 2-7 were immunoprecipitated with the antibody specific to the
N-terminal of Tet2 protein. Immunoprecipitated proteins were detected by Western blotting with
indicated antibodies.

6.2.3 PRC2 interact with the C-terminus of Tet2

Previous results from co-IP experiments validated the interaction between PRC2 and Tet2

in HPC-7. However, the observation of Tbp in the IP samples brought us concerns about

the specificity of the experiments. Although the IgG isotype control could reflect the

non-specific background to some extent, the best control for IP experiments would be

cells lack of the expression of the bait protein. The difficult-to-transfect nature of the

HPC-7 cells and the time-consuming process to construct KO cells lines made us move

our validation experiments into the 293 T cells which are much easier to achieve transient

gene expression or gene knock-down. Furthermore, I generated constructs to express

tagged version of Tet2 and the identified novel interactors and utilized the co-expression

experiments in 293 T cells to facilitate the validation of the interaction without relying
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on the availability of the protein antibody. And to gain insight into the domain of Tet2

responsible for the interaction, the N-terminus (residue 1-1041) and C-terminus Tet2

(residue 1041-1912) were co-expressed with 3xHA-interactor (Suz12, Ezh2 and Rbbp7,

Ppp1r9b, Alyref) in 293 T cells (Figure 6.7. The C-terminus includes the entire catalytic

domain (CD) of the Tet2 protein.

Figure 6.7: Schematic representation of mouse full-length Tet2 Cys-rich: cysteine-rich do-
main; DSBH: double-stranded beta-helix domain; WT: wildtype; N: N terminus; CD: C-terminal
cysteine-rich dioxygenase domain.

The data showed that Suz12 interacted with the C-terminus of Tet2 but not the N-

terminus (Figure 6.8A). Interaction between Suz12 and Tet2 were also confirmed by

Suz12 reciprocal co-IP (Figure 6.8B). Similarly, the other components of core PRC2

complex, Ezh2, was also found to interact with the C-terminus of Tet2, which was

suggested by the Flag-Tet2 co-IP and HA-Ezh2 reciprocal co-IP experiments (Figure 6.9).

Taken together, the C-terminus of Tet2 is responsible for the interaction with the PRC2

Figure 6.8: Suz12 interacts with the C terminus of Tet2 (A) Flag-tagged Tet2 truncation was
transiently co-expressed with 3xHA Suz12 in 293T cells. 24 h post transfection, whole cell
lysates were immunoprecipitated with Flag M2 magnetic beads. Immunoprecipitated proteins
were detected by Western blotting with indicated antibodies. (B) 3xHA Suz12 was transiently
co-expressed with Flag-Tet2 in 293 T cells. 24 h post transfection, whole cell lysates were
extracted and immunoprecipitated with antibody specific for HA tag. Immunoprecipitated proteins
were detected by Western blotting with indicated antibodies.



6. Validation of novel Tet2 interactors 184

complex. Indeed, it is clear that the amounts of PRC2 proteins and Tet2 within the same

complex is not that substantial since the amount of proteins in the IP samples was not

highly enriched over the input. On one hand, this might suggest that Tet2-PRC2 is not the

dominant form of either Tet2 or PRC2 protein complex to present in the 293 T cells, since

the existence of other proteins in cells might occupy and compete with the formation of

the PRC2 and Tet2 complex. On the other hand, the low IP signal over the input might

suggests the interaction between PRC2 proteins and Tet2 might require the comparable

expression of other co-factors which are important to stabilize the PRC2-Tet2 complex.

Figure 6.9: Ezh2 interacts with the C terminus of Tet2 (A) Flag-tagged Tet2 truncation was
transiently co-expressed with 3xHA Ezh2 in 293T cells. 24 h post transfection, whole cell
lysates were immunoprecipitated with Flag M2 magnetic beads. Immunoprecipitated proteins
were detected by Western blotting with indicated antibodies. (B) 3xHA Ezh2 was transiently
co-expressed with Flag-Tet2 in 293 T cells. 24 h post transfection, whole cell lysates were
extracted and immunoprecipitated with antibody specific for HA tag. Immunoprecipitated proteins
were detected by Western blotting with indicated antibodies.

Although Rbbp7 seems to be pulled-down by anti-Flag IP on FL Tet2, a background

signal was observed in the control group where there was no flag protein expressed but

had the expression of HA-Rbbp7 (Figure 6.10A), which made it difficult to distinguish

the interaction from the non-specific background. Moreover, little difference of the Rbbp7

IP signal was observed between N-terminus Tet2 and C-terminus Tet2. Finally reciprocal

co-IP showed that 3xHA Rbbp7 was not likely to interact with Tet2 in 293 T cells,

indicating that Rbbp7 is not the main component in the PRC2 complex to be responsible

for the interaction with Tet2 (Figure 6.10B). In the IP experiments, the detection of OGT
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by Western blot in Flag-Tet2 co-IP experiment was used as a control since OGT was

reported to interact with the C-terminus of Tet2 (Vella et al., 2013).

Figure 6.10: Rbbp7 does not interact with Tet2 in 293T cells (A) (A) Flag-tagged Tet2 trun-
cation was transiently co-expressed with 3xHA Rbbp7 in 293T cells. 24 h post transfection,
whole cell lysates were immunoprecipitated with Flag M2 magnetic beads. Immunoprecipitated
proteins were detected by Western blotting with indicated antibodies. (B) 3xHA Rbbp7 was
transiently co-expressed with Flag-Tet2 in 293 T cells. 24 h post transfection, whole cell lysates
were extracted and immunoprecipitated with antibody specific for HA tag. Immunoprecipitated
proteins were detected by Western blotting with indicated antibodies.

In addition to the PRC2 proteins, I also performed the co-expression experiments followed

by co-IP in 293 T cells to examine the interaction between Tet2 and Ppp1r9b and Alyref,

which were shown to interact with endogenous Tet2 in HPC-7 cells. However, I was not

able to conclude the interaction of Tet2 with Ppp1r9b or Alyref from the experiments since

the anti-Flag co-IP and anti-HA co-IP could not lead to a clear conclusion. Alyref seems

to strongly bind to the anti-Flag beads even though OGT did not show any background

in the cells expressing Alyref alone (Figure 6.11A), which interfere our understanding

of the interaction. Reciprocal co-IP did not support the interaction between Tet2 and

Alyref, indicating that Alyref was not likely to interact with Tet2 in 293 T cells. Although

anti-Flag co-IP was not able to show the interaction between Ppp1r9b and Tet2, a weak

Flag-Tet2 band was found in anti-HA IP, which provides a likelihood of interaction

between Tet2 and Ppp1r9b.
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Figure 6.11: Validation of Tet2 interaction with Alyref and Ppp1r9b in 293 T cells. Flag-
tagged Tet2 truncation was transiently expressed with 3xHA Alyref (A) or 3xHA Ppp1r9b (C)
in 293T cells. 24 h post transfection, whole cell lysates were extracted and immunoprecipitated
with Flag M2 magnetic beads. Immunoprecipitated proteins were detected by Western blotting
with indicated antibodies. 3xHA Alyref (B) or 3xHA Ppp1r9b (D) was transiently expressed
with Flag-tagged full-length Tet2 in 293 T cells. 24 h post transfection, whole cell lysates were
extracted and immunoprecipitated with antibody specific for HA tag. Immunoprecipitated proteins
were detected by Western blotting with indicated antibodies.

6.3 Discussion

In this chapter, I identified 11 putative Tet2 interactors in HPC-7 cells based on the IP-MS

results and performed the interaction validation assay in HPC-7 cells and 293 T cells to

discover true Tet2 interators. First, in order to discover proteins significantly identified in

IP on 3xHA Tet2 cells over KO cells, the raw protein peptide intensities were exported and

analysed in Perseus. The difference (ratio of the normalized protein intensity) of identified

proteins between 3xHA Tet2 cells and Tet2-KO cells were calculated and examined
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using two-samples test (Figure 6.1B). Importantly, Tet2 and its known interactor, OGT

(Chen et al., 2013; Deplus et al., 2013), were both recognized as a protein significantly

enriched (FDR<0.05, Difference<0) in 3xHA Tet2 cells group, demonstrating the strength

of our IP-MS experiments in capture of the bait of MS and the known interaction. To

identify high confidence Tet2 interacting partners, a few criteria have been applied to filter

the IP-MS data (Figure 6.2). In total 1891 proteins were identified by IP-MS. Among

the 380 proteins which showed significant enrichment (two-samples test p value <0.05

and difference value <0) of protein signal in 3XHA Tet2 group, proteins detected with

only one peptide, common MS contaminants were further removed from the list. Finally

I focused on 11 proteins (Table 6.1) which exhibited high confidence score (related to the

numbers of peptide identified) in the Mass-spec results and had known nuclear function.

The 11 putative Tet2 interactors were confirmed to be present in the anti-HA IP samples

by Western blot (Figure 6.3).

Among the 11 putative Tet2 interactors, Suz1, Ezh2, and Rbbp7 were subunits of core

PRC2 (Polycomb Repressive Complex 2) which is associated with gene repression

(Hansen et al., 2008). I was able to detect the interaction between PRC2 (Suz12 and

Ezh2) and endogenous Tet2 in the HPC-7 cells via PRC2 protein co-IP experiments

(Figure 6.4). And the C-terminus of Tet2 was found to be responsible for the interaction

with Suz12 and Ezh2 (Figure 6.8,6.9). The interaction between Tet2 and Rbbp7 was not

able to conclude since the Rbbp7 antibody does not show a good enrichment of Rbbp7

itself in IP in HPC-7 cells (Figure 6.4), and Rbbp7 is less likely to interact with Tet2 in

the co-expressing experiments in 293 T cells (Figure 6.10). Moreover, the interaction

between PRC2 proteins and Tet2 was not very abundant in 293 T cells since the amount of

proteins in the IP samples was not highly enriched over the input. On one hand, this might

suggest that Tet2-PRC2 is not the dominant form of either Tet2 or PRC2 to present in the

293 T cells, since the expression of other proteins in the cells could occupy and compete

the formation of the PRC2 and Tet2 complex. On the other hand, the low IP signal over

the input might suggest the interaction between PRC2 proteins and Tet2 would require

the comparable expression of the co-factors which are important for the stabilization of

the PRC2-Tet2 complex.
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Previous studies have already linked PRC2 function to Tet protein. Genome-wide study in

mouse ESCs has revealed the co-localization between Tet1 and PRC2 (Suz12, Ezh2 and

Sin3A) at the promoter region of bivalent genes (H3K4me3 and H3K27me3) (Neri et al.,

2013; Williams et al., 2011). Suz12 and EED, subunits of core PRC2, were found to

physically interact with Tet1 in mouse embryonic stem cells but not differentiated cells,

e.g. MEF and HEK 293T cells (Neri et al., 2013; Williams et al., 2011). The interaction

between PRC2 and Tet1 was responsible for the recruitment of Tet1 and its 5hmC

deposition activity since Suz12 knock-down led to reduced Tet1 binding and decreased

5hmC at bivalent gene promoter. 5hmC frequency correlates with histone modification

H3K27me3 and PRC2 binding in a cell-type specific manner since the genomic co-

localization was only identified in mESCs but in MEF cells, brain and liver cells. On the

other hand, a number of observations have also pointed out the role of DNA methylation

in negative regulation of PRC2 chromatin recruitment (Lindroth et al., 2008; Lynch et al.,

2012; Mendenhall et al., 2010). Tet1-catalyzed DNA demethylation was suggested to

contribute to gene silencing by recruiting PRC2 complex (Wu et al., 2011b). Moreover,

DNA methylation is also required for the proper gene repression mediated by PRC2

(Reddington et al., 2013). The cross-talk between Tet1-involved DNA demethylation and

PRC2-mediated gene repression offers a dynamic mechanism for activating or repressing

the targeted gene expression.

In hematopoietic progenitor cells, HPC-7 cells, we also observed the cross-talk between

Tet family and PRC2 complex supported by the identified physical interaction between

Tet2 and PRC2. And the interaction with PRC2 is dependent on Tet2 catalytic domain

which is highly conserved among Tet family proteins, this might provide a structural

basis for the interaction between Tet proteins and PRC2. Previously published IP-MS

experiments in HEK 293 T cells failed to observe the interaction between Tet2 and PRC2

(Chen et al., 2013; Deplus et al., 2013), we also found the PRC2-Tet2 interaction was

not substantially present in the 293 T cells. These results might suggest the functional

interaction between Tet2 and PRC2 is in a cell-type specific manner and might be mediated

by HPC-7-specific factors or dependent on certain post-translation modifications. In

terms of the potential function of the Tet2-PRC2 interaction in HPC-7, the previous
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RNA-seq on Tet2-KO HPC-7 cells and Tet2 ChIP-seq experiments have pointed out the

repressive role of Tet2 in gene regulation. The interaction with PRC2 might provide a

possible explanation for Tet2-related gene repression. Genome-wide analysis to assess

the overlap of Tet2-PRC2 binding in HPC-7 cells would be necessary to understand

the global co-operation between Tet2 and PRC2 in gene regulation. More importantly,

like TET2, Ezh2 was also found as a tumor suppressor gene in myeloid malignancies.

Ezh2 mutation was reported in patients with myeloid dysplasia (Neri et al., 2013). Ezh2

depletion in mice resulted in enhanced repopulating capacity of HSCs and promoted cell

differentiation towards myeloid lineage which is similar to what observed in Tet2-deficient

mice (Muto et al., 2013). This might indicate a potential co-operation between Tet2 and

PRC2 in the pathological hematopoiesis.

In addition to the PRC2 complex, I also found the interaction between Tet2 and Ppp1r9b

or Alyref in HPC-7 cells. Recent study has identified Alyref as a RNA 5mC reader

(Yang et al., 2017). Alyref was originally found to interact with LEF-1 and acute myeloid

leukemia (AML)-1 transcription factors leading to the transcriptional activation of the

T-cell receptor gene (Bruhn et al., 1997). Tet2 was shown to be responsible for the

5mC oxidation on mRNA (Shen et al., 2018). The potential interaction between Tet2 and

Alyref might offer a way to explain the binding mechanism of Tet2 to mRNA. However

the co-expression co-IP experiments failed to show a clear interaction between Tet2

and Alyref or Ppp1r9b in 293 T cells. The contradicting results might reflect that Tet2

interaction is present in a cell-type specific mechanism. Additional expression of co-

factors or specific post-translational modifications would be required for certain proteins

to be able to interact with Tet2.
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Although Tet2 function in hematopoiesis including affecting hematopoietic stem cell self-

renewal ability and restricting the immature myeloid differentiation has been proposed,

much less is known about the molecular role of Tet2 function in driving the cellular

processes involved in hematopoiesis. In my DPhil project, I carried out a systematic

study to explore the molecular mechanism about how Tet2 gets involved in gene regu-

lation by using a well-characterized mouse hematopoietic progenitor cell line, HPC-7.

Knocking out Tet2 gene in HPC-7 cells leads to impaired colony growth and aberrant cell

differentiation in colony-forming-unit assay. Genes involved in hematopoiesis such as

c-Kit, Cebpa, Cebpe, and Csf1r have been shown to get de-regulated in Tet2-KO cells. To

identify the molecular functions of Tet2, I firstly mapped the genomic binding profile of

Tet2, then characterized the Tet2-mediated DNA demethylation activity and assessed the

contribution of Tet2-mediated DNA demethylation in Tet2-related gene regulation. In

the meantime, I also performed an IP-MS experiment to identify novel Tet2 interacting

190
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partners in HPC-7 cells, thus to provide some insights in understanding the molecular

role of Tet2 and its chromatin recruitment mechanism.

7.1 The molecular role of Tet2 in gene regulation in HPC-
7 cells

To study Tet2 function in HPC-7, I firstly generated the Tet2-KO HPC-7 cell line by

CRISPR-Cas9 technique. Tet2 deficiency in HPC-7 leads to impaired colony growth

and causes immature cell differentiation in colony-forming-unit assay (Figure 3.10).

Consistently, both Tet2-KO clones show impaired cell growth in the liquid differentiation

assay (Figure 3.9), these observations suggest a cell growth defect caused by Tet2 deple-

tion. However, this finding seems to contradict the observation from the Tet2-deficient

mouse studies where Tet2 depletion leads to expanded HSC population and promotes

the HSC self-renewal ability (Ko et al., 2011; Li et al., 2011b; Moran-Crusio et al., 2011;

Quivoron et al., 2011). Thus, the inconsistency of Tet2 function in cell growth might

reflect a cell type-dependent manner of Tet2 function. Although HPC-7 cells exhibit

similar gene expression profile as the multipotent hematopoietic progenitor cells and

maintain the cell differentiation potential during in vitro culture, HPC-7 cells were

originally derived from differentiated mouse embryonic stem cells and immortalized

by the stable expression of LH2 gene, which might offer some phenotypic difference

in cell growth and differentiation compared to the primary HSC. Furthermore, in vitro

cell differentiation assay provides a relatively simplified environment for cell growth and

differentiation, thus it might not fully recapitulate the original environment of the primary

cells. Thus, in vivo culture of the Tet2-KO HPC-7 cells by transplanting the cells into

mice might be helpful to better understand the cellular function of Tet2 in regulating

HSC/HSPC cell proliferation and differentiation.

In order to understand the molecular changes caused by Tet2 deficiency, I performed

RNA-seq experiments on Tet2-KO HPC-7 cells and identified more genes showing up-

regulation than down-regulation in Tet2-KO cells compared with WT (Figure 4.3A). The

two Tet2-KO clones share some common differentially expressed (DE) genes since 50%



7. Discussion 192

of identified DE genes could be found deregulated in both KO clones (Figure 4.3B).

More importantly, among the top down-regulated genes identified in both Tet2-KO clones,

I observed several myeloid lineage-essential genes such as csf1R, Cebpa, and Cebpe.

The impaired expression of these genes have been found to disrupt the normal myeloid

differentiation in vivo, thus the de-regulation of myeloid genes in Tet2-KO HPC-7 cells

might provide a potential mechanism for the differentiation block phenotype observed in

the CFU assay. Upregulated genes identified in Tet2-KO HPC-7 cells including stem cell

marker (c-Kit) and HSC self-renewal factors (e.g. Hlf, Sox4) were already reported to be

up-regulated in the Tet2-KO bone marrow cells isolated from mouse (Izzo et al., 2020).

In total, around 125 genes related to hematopoiesis processes were found significantly

differentially expressed in both Tet2-KO clones, reflecting the important role of Tet2

activity in hematopoiesis.

To identify the transcriptional events directly regulated by Tet2 activity, I firstly mapped

the genome-wide occupancy of Tet2 protein in HPC-7 cells, and further identified Tet2-

bound genes. Although the first hematopoietic cells Tet2 ChIP-seq was published last

year by Rasussen and colleagues (Rasmussen et al., 2019), the ChIP-seq signals showing

in that paper exhibit a high background and show similar peak pattern between ChIP in

Tet2-KO cells control group and ChIP in WT cells, which brings us concerns about the

specificity of Tet2 antibody used in the ChIP experiments. Moreover, I have tested several

commercially available Tet2 antibodies for ChIP-qPCR experiments and many of the

antibodies failed to show enrichment of Tet2 binding at the reported Tet2 ESCs binding

sites. Although Tet2 antibody from Cell Signaling could capture Tet2 binding events at

the reported genomic regions, ChIP background in the KO cells control group was also

observed when doing the ChIP-qPCR experiments in HPC-7 cells (Figure 4.7). Lack of a

good Tet2 antibody used for ChIP application really limits the mapping of endogenous

Tet2 binding activity. Finally, to overcome the background issue brought by the Tet2

antibody non-specific binding, I mapped the Tet2 genomic binding sites in HPC-7 cells by

doing ChIP-seq experiments with the HA tag antibody. HA-Tet2 protein was expressed in

a level close to the endogenous Tet2 protein in the HPC-7 cells, moreover, the endogenous

Tet2 protein was already depleted by CRISPR-Cas9 technique (Figure 5.14). Around
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22,000 Tet2 binding sites were defined by the differential binding analysis using the HA

ChIP-seq signal from the Tet2-KO cells as a control. Functional analysis reveals that Tet2

binds the gene promoters enriched with H3K4me3 and H3K27ac and distal regulatory

elements marked with H3K4me1 and H3K27ac (Figure 4.11 and 4.12). Furthermore,

Tet2 binding sites display the enrichment of many essential hematopoietic transcription

factor binding motifs, such as Etv family proteins, Runx1, Fli1 and Gata family proteins.

This observation is consistent with the reported TF motif enrichment analysis on Tet2

ChIP-seq in mouse hematopoietic cells from Rasmussen’s study (Rasmussen et al., 2019),

these together indicate a cell-type specific genomic binding of Tet2. In line with this

observation, pathway analysis on Tet2-bound genes also revealed an enrichment of

pathways related to hematopoiesis and immune response (Figure 4.14). Interestingly,

Tet2-bound genes can be either down-regulated or up-regulated upon Tet2 deficiency

(Figure 4.16), indicating a dual function of Tet2 in gene activation and repression. And

the different transcriptional activity caused by Tet2 binding might suggest a cooperation

of other chromatin factors involved in Tet2-mediated gene regulation.

Many studies have linked TET2-mediated DNA demethylation activity to its gene

regulation function, particularly, TET2 loss leads to a DNA hypermethylation phenotype

at enhancer regions in mouse hematopoietic/non-hematopoietic cells with Tet2 depletion

and human leukemia cells with TET2 mutations (Hon et al., 2014; Lu et al., 2014;

Rampal et al., 2014; Rasmussen et al., 2015). To understand the role of Tet2-mediated

DNA demethylation in Tet2-associated gene regulation in HPC-7 cells, we mapped

the genome-wide 5mC distribution in Tet2 WT, Tet2-KO and HA-Tet2 HPC-7 cells.

Our results suggest that Tet2 depletion does not lead to a global gain or loss of DNA

methylation (Figure 4.18). However, enhancer regions undergo a clear increase of DNA

methylation caused by Tet2 deficiency and the re-expression of Tet2 protein in KO

cells could reverse the gain of 5mC on enhancer regions (Figure 4.19), these suggest an

important role of Tet2 in DNA demethylation at enhancer regions. Although previous

studies do not observe a correlation between Tet2 binding and its DNA demethylation

activity, our data suggest that Tet2 binding is positively correlated with Tet2-mediated

DNA demethylation activity since Tet2 binding sites were found hypermethylated upon
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Tet2 depletion and hypomethylated upon Tet2 restoration (Figure 4.20). Furthermore,

Tet2-bound enhancer regions undergo the most significant gain of DNA methylation in

the Tet2-KO cells (Figure 4.21). These further support the notion that Tet2 binds the

enhancer regions and is responsible for the DNA demethylation at the bound enhancers.

In our data, Tet2 binding is suggested to be associated with both gene activation and

gene repression. So we further looked at the methylation changes on the Tet2-bound

differentially expressed genes identified in Tet2-KO cells vs WT cells (Figure 4.22).

Genes positively regulated by Tet2 binding showed decreased expression level and

increased DNA methylation in Tet2-KO cells, suggesting that Tet2 is involved in gene

activation via its DNA demethylase activity. Interestingly, genes negatively regulated by

Tet2 binding also showed a minor increase in DNA methylation suggesting that Tet2 is

involved in gene repression partially via its DNA demethylase activity, but the detailed

mechanism for Tet2-mediated gene repression still remain unclear. Furthermore, Tet2

co-localizes with many key hematopoietic transcription factors including Runx1, Tal1,

Fli1, Gata2, and PU.1 (Figure 4.25) at enhancer region of myeloid-specific genes, such

as, csf1R,Cebpa and Cebpe. Previous studies have reported the physical interaction

between Tet2 and Runx1/PU.1 (Chu et al., 2018; de la Rica et al., 2013). Thus Runx1

or PU.1 might be responsible for the recruitment of Tet2 to chromatin through direct

protein-protein interaction. More importantly, Tet2 binding at hematopoietic enhancer

elements leads to DNA methylation loss, which might further promote the binding of

TF sensitive to DNA methylation or inhibit the binding of certain TF that favors the

5mC-containing DNA.

7.2 Identification of Tet2 hematopoietic-specific interac-
tors

To study the protein-protein interaction (PPI) not only helps to understand the function

of the protein but also helps to predict a protein’s unknown function and related cellular

processes. Although several Tet2 interactors have been identified to be involved in

the Tet2-associated gene regulation or to modulate Tet2 enzymatic activity and protein

stability, little is known about the interacting partners of Tet2 in hematopoietic context
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since the scarcity of the hematopoietic stem/progenitor cells. In our study, facilitated by

the great availability of the HPC-7 cells for biochemical applications, I performed the

first Tet2 interactome mapping in the hematopoietic cell context, and hope this could

provide any insights in understanding of Tet2-mediated gene regulation and the cellular

phenotypes identified in Tet2-KO cells. Given the advantages of proximity labelling based

method in weak and transient protein-protein interaction identification, I firstly attempted

the APEX2 labelling assay which utilizes the APEX2 peroxidase to biotinylate proteins in

close proximity to the APEX2-fusion protein. In the preliminary experiments performed

in 293T cells, APEX2 labelling assay captures the reported interaction between Tet2 and

OGT by biotinylating OGT. More importantly, APEX2 tagging shows no effect on Tet2

enzymatic activity. However, unexpected detection of TBP in the APEX2-Tet2 labelled

biotinylated proteins brings us concern about the specificity of the APEX2 labelling which

could be a consequence of over-expression of APEX2 fusion protein in cells. Furthermore,

the high self-biotinylated background found in WT HPC-7 cells further cause difficulties

in applying the APEX2 method for Tet2 interactome mapping in HPC-7 cells (Figure

5.10).

At the end, by using the classical IP-MS approach, I performed the first Tet2 interactors

mapping in hematopoietic cells. To achieve an optimal expression level of Tet2 proteins in

the HPC-7 cells, I constructed an 3xHA-Tet2 expressing cell line where the endogenous

Tet2 protein was depleted by CRISPR-Cas9 technique and the 3xHA-Tet2 protein was

expressed in a level close to the WT protein by dox treatment. Anti-HA IP-MS reveals

many novel Tet2 interactors together with the known Tet2 interactor, OGT, in HPC-7 cells.

Interestingly, components of the core PRC2 complex, such as Suz12, Ezh2, and Rbbp7

were identified as Tet2 interacting partners by the IP-MS experiments. The interaction

between PRC2 protein and endogenous Tet2 is confirmed by the PRC2 reciprocal co-IP

in HPC-7 cells. Moreover, Suz12 and Ezh2 are shown to interact specifically with the

C terminus of Tet2 protein by the 293 T co-expression experiments (Figure 6.8,6.9).

Suz12 and Ezh2 are associated with the di/trimethylation of lysine 27 of histone, which is

closely related to gene repression (Cao and Zhang, 2004). Our study firstly discovered

the biochemical interaction between Tet2 and PRC2 complex in HPC-7 cells which might
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indicate a potential cross-talk between Tet2 activity and PRC2-mediated gene repression.

However, the interaction between Tet2 and PRC2 were shown to be quite weak by the

co-expression assay in the 293 T cells, this might indicate that Tet2 interacts with PRC2

indirectly, or the establishment of PRC2-Tet2 complex might require the expression of

additional components to stabilize the protein complex. Although the interaction between

Tet2 and other MS-identified Tet2 interactors including Noc2l, Alyref, and Pppr1r9b can

be confirmed by the interactor reciprocal co-IP in the HPC-7 cells, I fail to detect their

interaction with Tet2 when co-expressing the tagged proteins of Tet2 and the interactors in

293 T cells (Figure 6.11). These might suggest that Tet2 interacts with different molecular

partners in a cell context-dependent manner. Lack of expression of co-factors involved in

Tet2 interacting complex might interfere the detection of the identified novel interactions

in non HPC-7 cells.

7.3 The potential function of Tet2-PRC2 interaction

In our study, multiple lines of evidence have suggested the potential cross-talk between

Tet2 and PRC2 complex in gene regulation. In our study, some of the reported mESC

Ezh2-targeted genes including Egr3, Egr2, Irx3, and Irx5 exhibit H3K27me3 signal at

their gene promoter region in HPC-7 cells (Figure 7.1B), suggesting these genes could

be true Ezh2-targeted genes in HPC-7 cells. More importantly, Tet2 binds to the gene

promoter region of those reported Ezh2-targeted genes in HPC-7 cells, and the binding

of Tet2 seems to play a repressive role in gene regulation since Tet2 depletion in HPC-7

cells leads to increased gene expression of those Ezh2-targeted genes (Figure 7.1A).

Thus, these predicted Ezh2-targeted genes in HPC-7 cells might serve as examples of

Tet2 function in PRC2-mediated gene repression. The other evidence from our study

suggesting a functional cross-talk between Tet2 and PRC2 complex comes from the

identification of protein interaction between Tet2 and Suz12, Ezh2, components of core

PRC2 complex. IP-MS experiment and followed interaction domain mapping results

provide a direct physical proof for the co-operation between Tet2 and PRC2 complex. In

addition, Tet2 and Ezh2 have been shown to share some functional similarities in normal

and malignant hematopoiesis. Both Tet2 and Ezh2 were reported as tumour suppressor
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Figure 7.1: Putative Ezh2-targeted genes were found significantly up-regulated in Tet2-KO
HPC-7 cells. (A) Bar plots showing the gene expression changes of putative Ezh2-targeted
genes. Differential expression analysis was done by DESeq2. Y-axis represents the log2 fold
change of gene expression in Tet2-KO clone 7 versus WT HPC-7 cells. Error bars indicate
estimated standard error for the log2-scaled fold changes. (B-E) Genome browser tracks shows
representative examples of putative Ezh2 targeted genes in HPC-7 cells. 5mC level in wild-type
and Tet2-KO HPC-7 cells was quantified using TAPS-β method by Dr. Sophie Kirschner and data
analysis was performed by Olena Yavorska from our lab. Beta-value ranging from 0 to 1 was
used to measure the percentage of methylation. HPC-7 H3K4me3 (Xu et al., 2018), H3K4me1,
H3K27ac (Org et al., 2015), H3K27me3 and H3K36me3 (Wilson et al., 2016) were retrieved
from the respective study.

genes involved in myeloid malignancies. Ezh2 depletion in mice results in enhanced

repopulating capacity of HSCs and promotes the cell differentiation towards myeloid

lineage (Muto et al., 2013), these hematopoietic lineage alterations identified in Ezh2-
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deficient mice are similar to what have been reported in Tet2-deficient mouse models.

Taken together, our data newly identify that PRC2 complex can physically interact

with the C-terminus of Tet2 protein and the interaction between Tet2 and PRC2 might

affect the PRC2-mediated gene expression since Tet2-KO de-represses the expression of

Ezh2-targeted genes, this reveals a new mechanism by which Tet2 gets involved in gene

regulation.

Interestingly, in 2011, Wu and colleagues have reported the dual role of the other

Tet family protein, Tet1, in transcriptional regulation in mouse embryonic stem cells

(Wu et al., 2011b). More importantly, Tet1 binds to the promoters of Polycomb-repressed

genes. Tet1 depletion in mESCs leads to the de-repression of Polycomb-repressed genes

and impairs the chromatin binding of the PRC2 complex. These findings establish a role

of Tet1 in Polycomb-targeted gene repression. It is likely that Tet promotes PRC2 DNA

binding via its DNA demethylation activity since DNA methylation is shown to negatively

affect PRC2 binding (Holoch and Margueron, 2017; Reddington et al., 2013). However,

some studies offer another way of interpretation on Tet2-PRC2 cross-talk. Genomic

co-localization of Tet1, 5hmC and PRC2 was also identified by Neri and colleagues

(Neri et al., 2013). In their study, Tet1 was found to be recruited to the H3K27me3

positive regions of the genome by its interaction with PRC2 components, Suz12 and

Ezh2, since knock-down of Suz12 leads to a reduced binding of Tet1 in the genome.

Furthermore, Suz12 depletion cause an increase of DNA methylation in the genome

suggesting an important role of PRC2 activity in Tet1-mediated DNA demethylation.

Later on, a study from Xie’s group also supports this notion that Polycomb promotes the

hypomethylation of DNA methylation valley (Li et al., 2018). To summarize, current

findings have provided a bi-directional function of Tet-PRC2 cross-talk. On one hand,

PRC2 recruits Tet proteins to the genome and promotes DNA demethylation at the PRC2-

Tet co-bound DNA regions. On the other hand, Tet proteins facilitate the genomic binding

of PRC2 by its DNA demethylation activity.

Although our data reveal the biophysical interaction between Tet2 and PRC2 in mouse

hematopoietic progenitor cells, the functional relevance of the Tet2-PRC2 cross-talk
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remain unknown. In the future, more experiments would be needed in order to answer

the following questions:

1. What is the role of Tet2-PRC2 complex in gene regulation?

First, genome-wide mapping of PRC2 binding sites in HPC-7 cells, e.g Suz12, Ezh2,

H3K27me3 ChIP-seq, would be useful for the understanding of PRC2 genomic distribu-

tion and the identification of PRC2-targeted genes in HPC-7 cells. Then, check the degree

of overlap between Tet2 genomic binding and PRC2 genomic binding. Characterize

the genomic features of the Tet2-PRC2 co-bound regions, to see if Tet2-PRC2 prefer to

co-localize at gene promoter or enhancer regions. If Tet2-PRC2 co-bound regions are

more enriched in the enhancer category, this might suggest a role of Tet2 activity in the

establishment or function of bivalent enhancer regions. If promoters regions are more

identified in Tet2-PRC2 co-bound regions, this might indicate a potential role of Tet2 in

PRC2-mediated gene regulation. To further explore if Tet2 is involved in the repression

of PRC2-targeted genes, it would be interesting to check if genes showing increased

expression in Tet2-KO cells are enriched with PRC2 chromatin binding and H3K27me3

distribution compared to the genes down-regulated in KO cells. The alternative way is to

assess the expression changes of Tet2-PRC2 co-bound genes, to see if those genes could

get up-regulated if Tet2 is depleted from cells.

2. What is the genomic binding order between Tet2 and PRC2?

Hypothesis 1: Tet2 is responsible for the genomic binding of PRC2 in HPC-7 cells. In

order to test this, PRC2 and H3K27me3 ChIP-seq in Tet2-KO cells compared to those

done in WT cells would be able to tell if Tet2 depletion will cause any disruption or

re-distribution of PRC2 chromatin binding. Next, if Tet2-mediated DNA demethylation

is important for the Tet2-dependent PRC2 recruitment, increased DNA methylation at

regions with loss of PRC2 binding in Tet2-KO cells and with binding of both Tet2 and

PRC2 would be expected in Tet2-KO cells compared to WT cells. More importantly,

it would be interesting to see the expression changes of genes showing a loss of PRC2

binding in Tet2-KO cells, increased expression of those genes would be expected if Tet2

is truly involved in PRC2-mediated gene repression.
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Hypothesis 2: Tet2 is recruited to DNA by interacting with PRC2 in HPC-7 cells. In

order to test this, Tet2 ChIP-seq in PRC2-depleted HPC-7 cells would be able to tell if

loss of PRC2 will cause any effect in Tet2 genomic binding. Moreover, to compare the

5mC distribution in PRC2-depleted and WT HPC-7 cells would be another way to assess

the disruption of Tet2 activity caused by PRC2 deficiency.

3. What is the functional importance of Tet2-PRC2 complex in blood lineage?

To confirm the cross-talk between Tet2 and PRC2 in primary blood cells, endogenous IP in

mouse bone marrow cells would be useful to tell if Tet2 interacts with PRC2 endogenously.

To identify any leukemia-related Tet2 mutation that can disrupt the physical interaction

between Tet2 and PRC2 would be able to provide an evidence for the mechanism by

which Tet2 mutation contributes to leukemogenesis through the loss of co-operation with

PRC2 complex. If PRC2 recruits Tet2 to the genome, disrupted Tet2 genomic binding,

increased DNA methylation or altered 5hmC distribution might occur in leukemic cells

with PRC2 mutation. On the other hand, if Tet2 recruits PRC2 to the DNA, alteration

in PRC2 genomic binding and H3K27me3 distribution would be expected in leukemic

cells with certain types of Tet2 mutation that can abolish the interaction between Tet2

and PRC2.
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Geneid baseMean log2FoldChange lfcSE pvalue padj sigchange GO_term

Abl1 5024.351 0.338 0.074 4.89E‐06 1.64E‐04 Sig.Increase
alpha‐beta T cell differentiation;regulation of T cell differentiation;transitional one stage B cell 

differentiation

Cd79b 19.752 ‐3.430 0.588 5.36E‐09 3.25E‐07 Sig.Decrease B cell differentiation

Hdac9 1540.452 0.748 0.199 1.75E‐04 3.72E‐03 Sig.Increase B cell differentiation

Ptprj 2120.055 0.294 0.099 2.91E‐03 3.87E‐02 Sig.Increase B cell differentiation

Sp3 6150.578 0.318 0.094 7.12E‐04 1.22E‐02 Sig.Increase

B cell differentiation;definitive hemopoiesis;enucleate erythrocyte differentiation;erythrocyte 

differentiation;granulocyte differentiation;megakaryocyte differentiation;monocyte 

differentiation;natural killer cell differentiation;T cell differentiation

Kit 66169.008 0.523 0.101 1.96E‐07 8.85E‐06 Sig.Increase

B cell differentiation;embryonic hemopoiesis;erythrocyte differentiation;hematopoietic progenitor 

cell differentiation;hemopoiesis;immature B cell differentiation;lymphoid progenitor cell 

differentiation;mast cell differentiation;megakaryocyte development;myeloid leukocyte 

differentiation;myeloid progenitor cell differentiation;T cell differentiation

Zbtb7a 1391.317 0.316 0.089 3.75E‐04 7.11E‐03 Sig.Increase B cell differentiation;erythrocyte maturation;regulation of osteoclast differentiation

Cdh17 320.051 ‐2.136 0.418 3.24E‐07 1.41E‐05 Sig.Decrease B cell differentiation;germinal center B cell differentiation;marginal zone B cell differentiation

Gimap1 1196.558 0.489 0.118 3.27E‐05 8.72E‐04 Sig.Increase B cell differentiation;T cell differentiation

Malt1 1847.795 0.225 0.075 2.93E‐03 3.89E‐02 Sig.Increase B‐1 B cell differentiation;positive regulation of T‐helper 17 cell differentiation

Gata1 634.574 ‐1.317 0.214 7.32E‐10 5.19E‐08 Sig.Decrease

basophil differentiation;dendritic cell differentiation;embryonic hemopoiesis;eosinophil 

differentiation;eosinophil fate commitment;erythrocyte development;erythrocyte 

differentiation;megakaryocyte differentiation;myeloid cell differentiation;platelet formation;positive 

regulation of erythrocyte differentiation;regulation of definitive erythrocyte 

differentiation;regulation of primitive erythrocyte differentiation

Rsad2 79.837 1.582 0.438 3.08E‐04 6.02E‐03 Sig.Increase CD4‐positive, alpha‐beta T cell differentiation

Bcr 2517.463 0.507 0.124 4.07E‐05 1.04E‐03 Sig.Increase definitive hemopoiesis

Hoxb4 351.633 0.466 0.134 4.98E‐04 8.98E‐03 Sig.Increase definitive hemopoiesis;hematopoietic stem cell differentiation;hemopoiesis

Zfp36l2 19499.984 0.459 0.066 4.91E‐12 4.90E‐10 Sig.Increase
definitive hemopoiesis;hemopoiesis;regulation of B cell differentiation;T cell differentiation in 

thymus

Irf8 42.693 ‐6.871 1.058 8.24E‐11 6.73E‐09 Sig.Decrease dendritic cell differentiation;myeloid cell differentiation;plasmacytoid dendritic cell differentiation

Klf1 54.898 ‐2.171 0.401 6.09E‐08 3.03E‐06 Sig.Decrease
embryonic hemopoiesis;erythrocyte development;erythrocyte differentiation;erythrocyte 

maturation

Gata3 286.097 0.773 0.164 2.50E‐06 9.16E‐05 Sig.Increase

embryonic hemopoiesis;erythrocyte differentiation;mast cell differentiation;positive regulation of T 

cell differentiation;pro‐T cell differentiation;regulation of CD4‐positive, alpha‐beta T cell 

differentiation;T cell differentiation;T cell differentiation in thymus;T‐helper 2 cell 

differentiation;thymic T cell selection

Tgfbr2 3332.257 0.362 0.112 1.20E‐03 1.88E‐02 Sig.Increase
embryonic hemopoiesis;myeloid dendritic cell differentiation;positive regulation of NK T cell 

differentiation

Bpgm 3807.933 0.682 0.148 4.42E‐06 1.50E‐04 Sig.Increase erythrocyte development

Sox6 166.345 ‐1.266 0.213 3.02E‐09 1.92E‐07 Sig.Decrease erythrocyte development;erythrocyte differentiation;hemopoiesis

Casp3 11597.067 ‐0.623 0.111 2.02E‐08 1.09E‐06 Sig.Decrease erythrocyte differentiation

Slc25a38 427.847 ‐0.521 0.148 4.28E‐04 7.93E‐03 Sig.Decrease erythrocyte differentiation

Tmem14c 4512.547 ‐0.355 0.102 4.72E‐04 8.59E‐03 Sig.Decrease erythrocyte differentiation

L3mbtl3 646.857 0.930 0.149 4.27E‐10 3.21E‐08 Sig.Increase
erythrocyte maturation;granulocyte differentiation;macrophage differentiation;myeloid cell 

differentiation

Fam210b 443.735 0.636 0.115 3.50E‐08 1.82E‐06 Sig.Increase erythrocyte maturation;positive regulation of erythrocyte differentiation

Sox13 344.984 ‐0.577 0.130 9.40E‐06 2.96E‐04 Sig.Decrease
gamma‐delta T cell differentiation;positive regulation of gamma‐delta T cell differentiation;regulation 

of gamma‐delta T cell differentiation

Ada 1957.660 0.421 0.104 5.38E‐05 1.33E‐03 Sig.Increase

germinal center B cell differentiation;positive regulation of alpha‐beta T cell differentiation;positive 

regulation of T cell differentiation;positive regulation of T cell differentiation in thymus;regulation of 

T cell differentiation

Cebpa 1261.989 ‐1.496 0.152 8.74E‐23 3.06E‐20 Sig.Decrease granulocyte differentiation;macrophage differentiation;myeloid cell differentiation

Cebpe 25.949 ‐2.459 0.571 1.66E‐05 4.84E‐04 Sig.Decrease granulocyte differentiation;macrophage differentiation;myeloid cell differentiation

Arl11 35.160 ‐1.303 0.358 2.75E‐04 5.49E‐03 Sig.Decrease hematopoietic progenitor cell differentiation

Dock1 1437.887 0.500 0.130 1.26E‐04 2.81E‐03 Sig.Increase hematopoietic progenitor cell differentiation

Dock7 2328.940 0.384 0.104 2.14E‐04 4.43E‐03 Sig.Increase hematopoietic progenitor cell differentiation

Herc6 178.037 ‐3.221 0.212 3.67E‐52 6.30E‐49 Sig.Decrease hematopoietic progenitor cell differentiation

Siglecg 8.381 ‐2.991 0.850 4.31E‐04 7.96E‐03 Sig.Decrease hematopoietic progenitor cell differentiation

Sirpa 2771.370 0.570 0.102 1.96E‐08 1.06E‐06 Sig.Increase hematopoietic progenitor cell differentiation

Slc7a6os 1171.325 ‐0.289 0.095 2.26E‐03 3.15E‐02 Sig.Decrease hematopoietic progenitor cell differentiation

Ston2 1379.410 ‐1.202 0.141 1.74E‐17 3.77E‐15 Sig.Decrease hematopoietic progenitor cell differentiation

Thsd1 1929.067 0.678 0.127 9.01E‐08 4.36E‐06 Sig.Increase hematopoietic progenitor cell differentiation

Tmem143 447.329 0.362 0.124 3.51E‐03 4.51E‐02 Sig.Increase hematopoietic progenitor cell differentiation

Csf1r 44.532 ‐2.253 0.389 6.79E‐09 4.03E‐07 Sig.Decrease
hematopoietic progenitor cell differentiation;hemopoiesis;osteoclast differentiation;positive 

regulation of osteoclast differentiation

Mirlet7e 2.831 4.449 1.491 2.85E‐03 3.80E‐02 Sig.Increase hematopoietic stem cell differentiation

Mecom 99.208 1.611 0.345 2.98E‐06 1.07E‐04 Sig.Increase hematopoietic stem cell proliferation

Shb 166.204 0.919 0.157 4.89E‐09 3.00E‐07 Sig.Increase hematopoietic stem cell proliferation;hemopoiesis;positive regulation of T‐helper cell differentiation

Add2 3.773 ‐5.849 1.551 1.62E‐04 3.48E‐03 Sig.Decrease hemopoiesis

Asxl1 4167.318 0.285 0.066 1.54E‐05 4.54E‐04 Sig.Increase hemopoiesis

Pdgfrb 5471.586 0.453 0.098 4.16E‐06 1.43E‐04 Sig.Increase hemopoiesis

Rogdi 166.899 ‐0.630 0.155 5.04E‐05 1.25E‐03 Sig.Decrease hemopoiesis

Selplg 1322.475 ‐0.371 0.100 1.93E‐04 4.06E‐03 Sig.Decrease hemopoiesis

Spta1 1462.812 ‐2.945 0.173 3.47E‐65 7.44E‐62 Sig.Decrease hemopoiesis

Tet2 3712.223 ‐0.655 0.158 3.29E‐05 8.74E‐04 Sig.Decrease hemopoiesis;myeloid cell differentiation;myeloid progenitor cell differentiation

Myo1e 152.485 1.205 0.253 1.95E‐06 7.43E‐05 Sig.Increase hemopoiesis;post‐embryonic hemopoiesis

Runx2 1395.677 0.538 0.087 6.17E‐10 4.45E‐08 Sig.Increase hemopoiesis;T cell differentiation

Irf2bp2 8728.787 0.315 0.098 1.39E‐03 2.11E‐02 Sig.Increase immature B cell differentiation

Rras 61.830 0.789 0.256 2.04E‐03 2.91E‐02 Sig.Increase leukocyte differentiation

Relb 147.296 1.024 0.234 1.19E‐05 3.63E‐04 Sig.Increase lymphocyte differentiation;myeloid dendritic cell differentiation;T‐helper 1 cell differentiation

Vegfa 762.341 0.499 0.167 2.87E‐03 3.82E‐02 Sig.Increase
macrophage differentiation;monocyte differentiation;primitive erythrocyte differentiation;regulation 

of hematopoietic progenitor cell differentiation

Csf1 839.072 1.044 0.330 1.58E‐03 2.35E‐02 Sig.Increase

macrophage differentiation;osteoclast differentiation;positive regulation of macrophage 

differentiation;positive regulation of monocyte differentiation;positive regulation of osteoclast 

differentiation

Bcl3 196.115 ‐0.527 0.172 2.23E‐03 3.13E‐02 Sig.Decrease marginal zone B cell differentiation;T‐helper 2 cell differentiation

Prtn3 854.922 ‐1.042 0.186 2.24E‐08 1.20E‐06 Sig.Decrease mature conventional dendritic cell differentiation

Pip4k2a 2643.787 0.296 0.088 7.59E‐04 1.28E‐02 Sig.Increase megakaryocyte development

Rabgap1l 49.562 ‐2.685 0.329 3.21E‐16 5.62E‐14 Sig.Decrease megakaryocyte development

Il3ra 490.936 ‐0.698 0.115 1.31E‐09 8.85E‐08 Sig.Decrease monocyte differentiation

Hematopoietic‐related gene expression changes in Tet2‐KO7 versus WT HPC‐7 cells



Mef2c 80.027 ‐1.272 0.335 1.45E‐04 3.21E‐03 Sig.Decrease monocyte differentiation;platelet formation;regulation of megakaryocyte differentiation

Jun 1394.760 0.905 0.200 5.95E‐06 1.95E‐04 Sig.Increase monocyte differentiation;positive regulation of monocyte differentiation

Ccr1 294.847 ‐1.601 0.469 6.36E‐04 1.11E‐02 Sig.Decrease myeloid cell differentiation;positive regulation of osteoclast differentiation

Slamf1 412.051 ‐0.781 0.197 7.71E‐05 1.85E‐03 Sig.Decrease natural killer cell differentiation

Tmem176a 1465.554 0.355 0.092 1.21E‐04 2.72E‐03 Sig.Increase negative regulation of dendritic cell differentiation

Tmem176b 3947.302 0.297 0.073 4.21E‐05 1.06E‐03 Sig.Increase negative regulation of dendritic cell differentiation

Zfp36 765.702 1.188 0.186 1.83E‐10 1.44E‐08 Sig.Increase negative regulation of erythrocyte differentiation;negative regulation of myeloid cell differentiation

Mafb 40.956 1.526 0.354 1.59E‐05 4.66E‐04 Sig.Increase
negative regulation of erythrocyte differentiation;negative regulation of osteoclast 

differentiation;regulation of myeloid cell differentiation;T cell differentiation in thymus

Zfp36l1 153.545 0.707 0.229 2.03E‐03 2.90E‐02 Sig.Increase
negative regulation of erythrocyte differentiation;positive regulation of monocyte 

differentiation;regulation of B cell differentiation;T cell differentiation in thymus

Rara 402.348 0.561 0.143 8.37E‐05 1.98E‐03 Sig.Increase
negative regulation of granulocyte differentiation;positive regulation of T‐helper 2 cell 

differentiation;regulation of granulocyte differentiation

Nfe2l2 5039.757 0.465 0.103 7.06E‐06 2.29E‐04 Sig.Increase negative regulation of hematopoietic stem cell differentiation

Cdkn2a 784.322 ‐1.344 0.193 3.52E‐12 3.67E‐10 Sig.Decrease negative regulation of immature T cell proliferation in thymus

Fgl2 820.994 ‐0.494 0.120 3.94E‐05 1.01E‐03 Sig.Decrease negative regulation of memory T cell differentiation

Meis2 6.974 3.976 1.056 1.66E‐04 3.56E‐03 Sig.Increase negative regulation of myeloid cell differentiation

Clec2i 29.006 ‐2.199 0.384 1.03E‐08 5.88E‐07 Sig.Decrease negative regulation of osteoclast differentiation

Gpr55 48.085 ‐1.070 0.325 1.01E‐03 1.62E‐02 Sig.Decrease negative regulation of osteoclast differentiation

Nf1 5057.015 0.573 0.104 3.61E‐08 1.87E‐06 Sig.Increase negative regulation of osteoclast differentiation

Pilrb1 248.877 ‐0.443 0.140 1.62E‐03 2.41E‐02 Sig.Decrease negative regulation of osteoclast differentiation

Hes1 62.629 0.866 0.254 6.62E‐04 1.15E‐02 Sig.Increase negative regulation of pro‐B cell differentiation

Cd44 7823.645 0.285 0.080 3.92E‐04 7.39E‐03 Sig.Increase negative regulation of regulatory T cell differentiation

Lag3 9.131 ‐2.370 0.692 6.17E‐04 1.08E‐02 Sig.Decrease negative regulation of regulatory T cell differentiation

Itk 92.576 ‐1.217 0.310 8.47E‐05 2.00E‐03 Sig.Decrease NK T cell differentiation

Gpc3 1555.095 ‐6.774 0.210 7.60E‐228 1.30E‐223 Sig.Decrease osteoclast differentiation

Junb 2562.634 0.840 0.135 4.67E‐10 3.46E‐08 Sig.Increase osteoclast differentiation

Trf 62.437 ‐2.942 0.338 3.25E‐18 7.53E‐16 Sig.Decrease osteoclast differentiation

Tyrobp 62.641 ‐3.570 0.437 3.30E‐16 5.73E‐14 Sig.Decrease
osteoclast differentiation;positive regulation of osteoclast development;regulation of osteoclast 

development

Tnf 1048.064 0.478 0.116 3.90E‐05 1.01E‐03 Sig.Increase
osteoclast differentiation;positive regulation of osteoclast differentiation;regulation of osteoclast 

differentiation

Mitf 156.102 0.785 0.263 2.79E‐03 3.73E‐02 Sig.Increase osteoclast differentiation;regulation of osteoclast differentiation

Actn1 2142.490 0.319 0.081 8.63E‐05 2.03E‐03 Sig.Increase platelet formation

Il2rg 1575.408 0.357 0.091 8.46E‐05 2.00E‐03 Sig.Increase

positive regulation of B cell differentiation;positive regulation of CD4‐positive, CD25‐positive, alpha‐

beta regulatory T cell differentiation;positive regulation of lymphocyte differentiation;positive 

regulation of T cell differentiation in thymus

Ets1 73.921 ‐2.330 0.277 4.55E‐17 9.30E‐15 Sig.Decrease positive regulation of erythrocyte differentiation

Trim58 72.798 ‐6.391 0.683 8.58E‐21 2.45E‐18 Sig.Decrease positive regulation of erythrocyte enucleation

Sox4 11799.843 0.585 0.121 1.40E‐06 5.47E‐05 Sig.Increase
positive regulation of gamma‐delta T cell differentiation;pro‐B cell differentiation;T cell 

differentiation

Foxc1 486.280 1.028 0.179 8.65E‐09 5.00E‐07 Sig.Increase
positive regulation of hematopoietic progenitor cell differentiation;positive regulation of 

hematopoietic stem cell differentiation

Il1b 57.243 ‐1.385 0.288 1.47E‐06 5.72E‐05 Sig.Decrease positive regulation of immature T cell proliferation in thymus

Scin 29.418 ‐1.647 0.379 1.42E‐05 4.26E‐04 Sig.Decrease positive regulation of megakaryocyte differentiation

Jag1 56.275 1.189 0.284 2.83E‐05 7.74E‐04 Sig.Increase positive regulation of myeloid cell differentiation

Ccl3 27.389 ‐2.545 0.589 1.53E‐05 4.53E‐04 Sig.Decrease positive regulation of osteoclast differentiation

Fos 781.008 2.636 0.451 5.09E‐09 3.11E‐07 Sig.Increase positive regulation of osteoclast differentiation

Gnas 12359.765 0.671 0.091 1.54E‐13 1.98E‐11 Sig.Increase positive regulation of osteoclast differentiation

Sox12 47.836 ‐1.932 0.422 4.71E‐06 1.60E‐04 Sig.Decrease positive regulation of regulatory T cell differentiation

Il12a 36.979 ‐6.293 0.796 2.68E‐15 4.08E‐13 Sig.Decrease positive regulation of T cell differentiation

Pik3r6 126.340 ‐3.036 0.477 1.95E‐10 1.52E‐08 Sig.Decrease positive regulation of T cell differentiation

Egr3 205.381 3.106 0.323 6.19E‐22 2.00E‐19 Sig.Increase positive regulation of T cell differentiation in thymus;regulation of gamma‐delta T cell differentiation

Foxp1 6273.955 0.337 0.102 9.94E‐04 1.60E‐02 Sig.Increase pre‐B cell differentiation;T follicular helper cell differentiation

Stk4 10933.996 0.478 0.105 5.08E‐06 1.69E‐04 Sig.Increase primitive hemopoiesis

Cebpb 25.472 ‐1.729 0.482 3.31E‐04 6.40E‐03 Sig.Decrease regulation of dendritic cell differentiation;regulation of osteoclast differentiation

Pim1 6668.796 ‐0.283 0.087 1.12E‐03 1.77E‐02 Sig.Decrease regulation of hematopoietic stem cell proliferation

Csf3r 520.343 ‐2.961 0.149 1.05E‐87 3.60E‐84 Sig.Decrease regulation of myeloid cell differentiation

Fgfr3 91.915 ‐0.922 0.221 2.89E‐05 7.88E‐04 Sig.Decrease regulation of osteoclast differentiation

Cyp26b1 2064.406 1.402 0.342 4.17E‐05 1.06E‐03 Sig.Increase regulation of T cell differentiation

Egr1 1283.481 1.106 0.182 1.22E‐09 8.32E‐08 Sig.Increase T cell differentiation

Prex1 1686.500 0.859 0.130 4.68E‐11 4.06E‐09 Sig.Increase T cell differentiation

Ptpn22 872.520 0.477 0.115 3.33E‐05 8.85E‐04 Sig.Increase T cell differentiation

Fzd5 749.961 0.534 0.112 1.93E‐06 7.36E‐05 Sig.Increase T cell differentiation in thymus

Fzd7 1888.726 0.279 0.096 3.51E‐03 4.51E‐02 Sig.Increase T cell differentiation in thymus

Mr1 420.132 0.423 0.141 2.63E‐03 3.56E‐02 Sig.Increase T cell differentiation in thymus

Clec4d 516.128 ‐0.538 0.175 2.14E‐03 3.03E‐02 Sig.Decrease T cell differentiation involved in immune response

Il18r1 25.448 ‐1.089 0.360 2.45E‐03 3.37E‐02 Sig.Decrease T‐helper 1 cell differentiation

Rora 484.369 1.660 0.384 1.56E‐05 4.59E‐04 Sig.Increase T‐helper 17 cell differentiation

Il6ra 974.432 ‐0.316 0.103 2.26E‐03 3.15E‐02 Sig.Decrease T‐helper 17 cell lineage commitment

Ly9 323.366 ‐1.298 0.201 1.07E‐10 8.67E‐09 Sig.Decrease T‐helper 17 cell lineage commitment

Atp7a 1322.533 0.464 0.102 5.60E‐06 1.84E‐04 Sig.Increase T‐helper cell differentiation
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