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ABSTRACT 

 

Immunotherapy is one of the fastest growing fields in cancer research and 

treatment. It largely relies on the immune system and is impacted by tumor infiltrated 

immune cells, which perform an important function in the tumor environment. Although 

researchers report great success in cancer treatment, immunotherapy has provided few 

patients with a favorable prognosis.  

To maximize the efficacy of current cancer immunotherapy, researchers must 

understand how to regulate a different T cell status and how efficacy is affected by other 

factors. Accumulated studies reported dynamic changes in the epigenetic landscape 

during T cell development. This suggests that epigenetic regulation is one of the 

important aspects controlling the process of generating fully functional effector T cells, 

followed by exhaustion and clearing.  

TET family enzymes are important epigenetic regulators closely linked to 

various cellular processes. Tet2 is a well-known tumor suppressor in various systems, 

including hematopoietic stem and progenitor cells, T cells, B cells and myeloid cells. 

However, recent studies reported that Tet2 deficiency in immune cells, including T cells 

and macrophages, benefit the anti-tumor immunity.  

To demonstrate how Tet2 disrupted cytotoxic T cells affect cancer 

immunotherapy, we established a mouse immunotherapy model and found that a strong 

delay of melanoma progression in mice transferred with Tet2 deleted CD8+ T cells. 

Further transcriptome and epigenome analysis revealed that Tet2 deleted tumor 
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infiltrating lymphocytes (TILs) showed augmented activation of immune related 

pathways. For further validation of the relationship between epigenome remodeling and 

Tet2-mediated 5hmC generation as well as manipulating Tet2 expression to maximize its 

beneficial effect on immunotherapy, I developed epigenome profiling technique called 

sCMS-IP seq and a drug-inducible epigenome editing tool called CiDER, respectively.  

In sum, we demonstrated the therapeutic potential of Tet2 inactivation in a 

specific immune cell type during cancer immunotherapy. It must be noted, however, that 

Tet2 deficiency is closely associated with various hematology disorders. Therefore, 

practitioners must balance the tumor promoting and immune-boosting properties of Tet2 

during cancer therapy. A temporally controllable system to inactivate Tet2 in specific 

immune cells might be optimal for pursuing future therapeutic intervention by targeting 

Tet2.  
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ATAC-seq Assay for Transposase-Accessible Chromatin using sequencing 

PCA Principal Component Analysis 

KO Knock-Out 

TF Transcription Factor 

IACUC the Institutional Animal Care Use Committee 
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CHAPTER I  

INTRODUCTION  

 

Immune therapy – Current Progress 

Immunotherapy is one of the most rapidly growing fields in cancer research. 

Given its high promise to eradicate cancers, immunotherapy joined the mainstay 

treatments to become a new pillar of cancer treatment over the past years. It is now well 

known that tumor cells express distinctive antigens, which are recognized explicitly by 

adaptive immune system, such and T and B cells. This is called tumor-specific adaptive 

immunity.  

The adaptive immune system plays a critical role in the antigen-specific immune 

response against cancer. CD8+ cytotoxic T lymphocytes (CTLs) are combatants in the 

adaptive immunity force that attacks cancer. During cancer progression, as well as in 

chronic infections, CTLs may switch from a naïve state to an exhausted state. To 

maximize their capacity for fighting against cancer, CD8+ T cells must be appropriately 

primed and maintained in the activated state, rather than being driven to the exhausted 

state and being clearing out.  

T cell exhaustion is a dysfunctional state of T cell that occurs during many 

chronic infections and cancer1, 2. T cell exhaustion generally is defined by poor effector 

function, continuous expression of inhibitory receptors, and a distinctive transcriptional 

state, when compared with functional effector T cells2. Exhaustion prevents optimal 

control of infection and tumors. A crucial and unique feature of exhausted T cells is 
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sustained upregulation of cell surface inhibitory receptors (IRs) that include programmed 

cell death 1 (PD-1), cytotoxic T lymphocyte antigen-4 (CTLA-4), Lag-3, and Tim-3.  

When IRs are engaged by their ligands, the ensuing signaling events will block 

the effector functions of activated T cells3. IRs discovered in exhausted T cells constitute 

the molecular basis of immune checkpoints that regulate the T cell effector function, 

which can be exploited for developing new therapeutic options4. Antibodies targeting 

those inhibitory pathways mainly block PD-1 and CTLA-4, leading to paradigm-shifting 

advances in cancer treatment by changing the focus from cancer cells to the 

manipulation of the immune system. 

In the past decade, hundreds of clinical trials have shown that blocking the PD-1 

pathway dramatically enhances immune cell functions by reversing exhausted T cells 

and reducing tumor burden in different types of cancer, including hematological 

malignancies, melanoma, renal cell carcinoma (RCC), and non-small cell lung 

carcinoma (NSCLC)5. However, a majority of patients still do not experience effective 

responses to anti-PD-1 treatment. Improved therapeutic strategies can be established by 

elucidating the molecular mechanisms underlying PD-1 mediated T cell exhaustion. 

Although the PD-1 involved T cell exhaustion pathways remain to be fully 

defined, researchers have reported some critical factors related to this process. 

Intrinsically, T cells can be dysfunctional upon excessive or suboptimal antigen 

stimulation, followed by the continuous expression of IRs. Overexpressed PD-1 inhibits 

the activity of Akt, a crucial regulator of glucose metabolism of T cells, by preventing 

CD28-mediated activation of phosphatidylinositol 3-kinase (PI3K)6. This finding raises 
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the possibility that glucose metabolism may affect T cell exhaustion7 and could explain, 

in part, how PD-1 inhibition reverses T cell dysfunction and exhaustion in cancer.  

Different transcriptional states of IR-expressing T cells also affect the degree of 

exhaustion. In this connection, the transcription factor AP-1 binding site is found in the 

promoter regions of Pdcd-1 (mouse PD-1). Its subunit c-Fos induces PD-1 expression in 

tumor-infiltrating lymphocytes (TILs) by binding to the AP-1 binding site8, suggesting 

that AP-1 directly regulates T cell exhaustion specifically in cancer cells. Also, in 

melanoma patients and tumor-bearing mouse models, PD-1 and other IRs-expressing 

cells produce smaller amounts of IFN-γ, TNF-α and IL-2, resulting in impaired T cell 

functions3, 9. The expression levels of PD-L1, a tumor side inhibitory ligand, are 

correlated inversely with the numbers of TILs in tumor tissues, suggesting that the 

advanced stage of exhausted T cells is the physical deletion of T cells from the lesion1, 

10. 

Extrinsically, tumor microenvironment (TME) is the most important factor for 

regulating T cell exhaustion in cancer. TME consists of various cell types, such as 

cancer cells, inflammatory cells, basal stromal cells, and soluble factors like cytokines. 

All those components form a complex immunosuppressive network in cancer. Among 

them, regulatory T (Treg) cells, myeloid-derived suppressor cells (MDSCs), and 

suppressive cytokines, such as IL-10 and TGF-β, etc. are relatively well-defined for their 

roles in regulating tumor growth. Treg is an inhibitory subset of CD4+ T cells that is 

closely related to peripheral tolerance maintenance and autoimmune disease prevention. 

Treg cells accumulate in tumor tissues and contribute to the immune evasion of cancer 
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cells. Treg cells usually express a high level of CD25 on their surface, resulting in 

excessive consumption of IL-2 and T cell dysfunction11. 

Similarly, the accumulation of myeloid-derived suppressor cells (MDSCs) also is 

known as a primary mechanism of tumor progression. MDSCs exhibit a high level of 

PD-L1 expression to cause T cell dysfunction via the PD-1 signaling pathway12. 

Immunosuppressive cytokines also play critical roles during the whole process of 

carcinogenesis, mainly by inhibiting key cytokines expression and inducing Treg cells13. 

Taken together, PD-1/PD-L1 blockade strategy possibly bars the pathways, as 

mentioned earlier, to achieve its therapeutic efficacy in cancer immunotherapy. 

Although there are numerous achievements in the field of cancer 

immunotherapy, challenges remain. One of the major challenges is demonstrating the 

different regulation roles of various IRs. The current focus of the checkpoint blockade 

strategy is mostly on the PD-1 and CTLA-4 blockade. However, there are many IRs on 

exhausted T cells, such as LAG-3, Tim-3, TIGIT, and different populations of IRs 

combinations show distinctive phenotypes14, 15.  

The other aspect we need to consider is disturbing the immune balance. 

Reversing exhausted T cells in cancer may induce excessive cytotoxicity caused by 

over-activated T cells. For example, over boost of the immune system could result in 

tumor growth, as re-activated immune cells likely produce excessive pro-tumor factors 

that can provide the benefit to residual cancer cells16. 

To overcome the current limitations of cancer immunotherapy, researchers 

suggest various combination therapies. For example, there is widespread examination of 
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blocking additional IRs using monoclonal antibodies together with the PD-1 blockade. 

Other options are combination therapies with (1) inhibitors of soluble mediators, such as 

IL10, TGF-β; (2) agonists for targeting activated receptors on T cells; (3) adoptive CAR-

T cell transfers; (4) anti-CCR4 monoclonal antibody to modulating Treg activity (Treg 

depletion)17, combined with checkpoint blockade strategy. However, further studies are 

required to find factors closely related to these processes and detailed underlying 

molecular mechanisms in the checkpoint blockade strategy.   

 

Epigenetic regulation and T cell development 

Epigenetic modification is defined as heritable and stable alterations in gene 

expression and cellular function, not due to changes in a DNA sequence18. These 

processes alter accessibilities and structures of DNA and chromatin by regulating 

patterns of gene expression, rather than DNA sequence alteration.  

DNA methylation, primarily catalyzed by DNA methyltransferases (DNMTs), is 

one of the crucial epigenetic modifications of the genome that is involved in regulating 

many cellular processes. These include embryonic development, transcription, chromatin 

structure, X chromosome inactivation, genomic imprinting, chromosome stability, and 

hematopoietic stem cell (HSC) development and differentiation19-21. Among them, 

hematopoiesis is regarded as a well-defined model for studying epigenetic modifications 

during cell fate determination. Evidence suggests that DNA methylation plays a crucial 

role in controlling not only HSC self-renewal, but also a commitment to myeloid and 

lymphoid fates22, 23. Notably, there is an urgent need to understand the epigenetic 
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modification of proper and effective differentiation of cytotoxic CD8+ T cells, a major 

player in fighting cancer. 

Appropriate adaptive immune functions are achieved by the successful 

generation of distinctive CD8+ T cell subsets, functionally as well as phenotypically. 

Therefore, it is essential to understand how these different subsets of T cells are formed 

to control the immune system with maximized therapeutic effects.   

The adaptive immune system shows remarkable plasticity during the immune 

response. When viral infection or cancer progression has occurred, antigen (either 

pathogen or tumor)-specific T cells undergo massive proliferation. This is followed by 

the acquisition of effector functions and migration into the site of infection or cancer. 

During this course of T cell activation, activated T cells provoke a wide range of 

alterations in gene expression, protein expression, cell cycle, and metabolism to generate 

various cells with distinctive cellular phenotype. All the cells in a living organism are 

genotypically identical; therefore, epigenetic regulation significantly contributes to the 

generation of diverse subsets of immune cells, using restricted genetic information.   

Current evidence indicates that multiple signals, including T-cell receptor (TCR), 

inflammation, and co-stimulation metabolic pathways, are involved in controlling CD8+ 

T cell fate determination24, 25. It is important to understand the key transcription factors 

that are known to regulate T cell fate decisions, as the aforementioned signals received 

by individual T cells set off diversified transcriptional programs. In addition, it is critical 

to understand the epigenetic regulation of these transcriptional changes. That is because 

epigenetic mechanisms allow signal transduction cascades, derived from common 
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transcription factors, to promote cell type-specific responses. Also, they provide a 

mechanism for heritable maintenance of cell type specific gene expression, when 

primary instigating signals are depleted26.  

DNA methylation is one of the extensively studied epigenetic mechanisms. Most 

DNA methylation analyses focus on CpG islands, CG dinucleotide dense regions in 

which the transcription start sites (TSSs) are located. In general, DNA methylation is 

correlated with transcriptional repression. This phenomenon is valid during the CD8+ T 

cell differentiation process. Genome-wide DNA methylation status profiles show that 

DNA methylation is reduced at the promoter regions of actively transcribed genes during 

differentiation, and increased at the promoters of genes that are silenced or show 

decreased expression levels27, 28.   

It should be noted that DNA methylation can occur throughout the genome, 

which contains intergenic region as well as gene bodies29. As a result, the genome-wide 

level of methylation analysis should be performed, rather than regional locus specific 

analysis, in order to decipher the comprehensive meaning of DNA methylation in terms 

of T cell differentiation.  

The epigenetic patterns in specific stages during differentiation of T cells from 

naïve to memory and effector T cells show distinctive traits (Figure 1-1). For example, 

DNA methylation is reprogrammed globally during effector CD8+ T cell differentiation. 

The number of effector-gene-associated transcription factors, such as EOMES and 

effector genes, including GZMA/B and IFNG, exhibited increased gene expression and 

decreased promoter DNA methylation level27. Interestingly, memory-cell-associated 
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factors and specific gene sets, such as TNFA and CCR7, that are highly expressed in 

memory subsets, indicated decreased expression level in effector CD8+ T cells30.  

The overall understanding of DNA methylation on gene expression has linked 

methylation of CpG sites at the promoter regions with a decrease in gene expression. 

However, recent evidence indicates that there is a substantial amount of positive 

association between DNA methylation either, within promoter regions, or gene body 

regions and gene expression. This conflicts with a commonly recognized negative 

correlation. What remains is to define further the mutual relation between DNA 

methylation and T cell differentiation.  

Evidence has shown that 5-methylcytosine (5mC), a major player of DNA 

methylation and also widely observed 5-hydroxymethylcytosine (5hmC), a first 

intermediate component of active DNA demethylation mediated by Ten-eleven 

translocation (TET) family enzymes, are found in both intergenic regions and gene 

bodies. They have critical functions in transcriptional activities during T cell fate 

decision29, 31.  

Both DNA methylation and demethylation can affect transcriptional activity 

through direct and indirect mechanisms. Methylated DNA can change the binding 

affinity with transcription factors (direct)32. It interacts with methyl-CpG-binding protein 

(MBP1) to recruit histone modifying enzymes that show repressive effect (indirect)33.  

The first step in manipulating the immune system for maximizing therapeutic efficiency 

is understanding the epigenetic regulation of cell fate decisions and appropriate immune 

cell population formation (Figure 1-1). Consequently, it is a rapidly growing field with  



 

9 

 

 

Figure 1-1. Schematic cartoon for the epigenetic regulation of cell fate decisions. 
TET2 is suggested as one of the possible candidates of epigenetic regulators to 
determine the state of immune cells.  
 

the connection of recent cancer immunotherapy. But detailed mechanisms are still 

largely unknown. 

 

TET2 – a methyl cytosine dioxygenase 

DNA methylation is a crucial epigenetic modification of the genome that is 

involved in regulating many cellular processes. These include embryonic development, 

transcription, chromatin structure, X chromosome inactivation, genomic imprinting, and 

chromosome stability19. Consistent with these important roles, researchers have found a 

growing number of human diseases, like cancer, to be associated with aberrant DNA 

methylation.  

The major player of DNA methylation is 5-methylcytosine (5mC). DNA 

methylation mostly refers to the addition of a methyl (CH3) group to the carbon-5 

position of a cytosine ring. This conversion is catalyzed by DNA methyltransferases 

(DNMTs). These modified cytosine residues usually lie next to a guanine base to form 
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the CpG islands. Although methylated cytosine is stable chemically34 and genetically35, 

5mC still can be converted back to the unmodified state.     

Ten-eleven translocation (TET1, TET2, and TET3)-family of Fe(II)-dependent 

and 2-oxoglutarate-dependent dioxygenases make up a new class of enzymes that 

successively oxidizes 5-methylcytosine (5mC) to 5-hydroxymethylcytosine (5hmC), 5-

formylcytosine (5fC), and 5-carboxylcytosine (5caC) in the mammalian genome (Figure 

1-2). These 5mC oxidation products are not only intermediates in the DNA  

 

Figure 1-2. The DNA methylation-demethylation cycle in mammalian cells. DNA 
methyltransferases (DMNTs) methylate cytosine (C) to yield 5-methylcytosine (5mC); 
TET enzymes successively oxidize 5mC to “oxi-mC” species, including 5-
hydroxymethylcytosine (5hmC), 5-formylcytosine (5fC) and 5-carboxylcytosine (5caC). 
5fC and 5caC can be converted to C in multiple pathways of DNA demethylation: First, 
all 3 oxidized bases interfere with maintenance DNA methylation mediated by DNMT1/ 
UHRF1, resulting in passive DNA demethylation; second, thymine DNA glycosylase 
(TDG) can excise 5fC and5caC, which can be replaced by C through base excision 
repair. Disruption of this cycle due to abnormal activities of TET and/or DNMT proteins 
is often associated with the onset and progression of blood cancers. 
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methylation/demethylation cycle but, also function as novel epigenetic marks36, 37. TET-

mediated oxidation of 5mC leads to replication-dependent dilution or thymine DNA 

glycosylase (TDG)-dependent base excision repair process to convert 5mC to 

unmodified cytosine.  

Similar to DNA methylation, DNA demethylation, mediated by TET proteins, 

also have crucial biological functions. TET proteins and 5mC derivatives are essential in 

development, as well as in other disease states. Based on its dominant distribution, each 

TET protein has distinctive roles. Tet1 is a major TET protein found in embryonic stem 

cells and involved in germinal layer differentiation. TET2 is highly correlated with 

hematopoietic cell lineage and myeloid cancer. TET3 is the only TET protein that is 

found in a gamete. Active DNA demethylation of the paternal chromosomes is an 

important part of the early development of the fertilized zygote38-42. However, there is 

still the need to elucidate the relative importance of each member of TET within a 

specific cell type. Moreover, while they have varying expression levels and recruitment 

mechanisms, in some cases, the deletion of one or multiple TET enzymes can be 

compensated by others43.  

The past decade has seen the rapid development of whole-genome based DNA 

modification profiling techniques with high resolution44-46. Those technological 

advances in mapping and tracing the 5hmC have been used successfully to profile 

hydroxymethylome in various systems, including mouse embryonic stem cells (mESCs) 

and hematopoietic stem cells (HSCs)47, 48. Research revealed that 5hmC is enriched in 

gene bodies, promoters, transcription start sites (TSSs), and enhancer elements of active 
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genes in ESCs48. Furthermore, TET protein-mediated DNA hydroxymethylation is 

crucial for the regulation of chromatin accessibility49. TET proteins also interact with 

histone modification enzymes, such as HDAC250, to modulate gene expression. In 

addition to regulating DNA methylation, TET proteins modulate RNA cytosine 

methylation during gene transcription51, 52. Advanced sequencing technology makes it 

possible to appreciate more novel functions of the TET protein family.  

Although TET family proteins share catalytic activity, each TET protein is 

functionally nonredundant. It has been reported that combined TET activity is crucial for 

appropriate embryonic development43. However, in the hematopoietic system, each TET 

has distinctive roles53-55. TET2 is the most highly expressed TET protein in the 

hematopoietic system and is indispensable for normal hematopoiesis17-19. Genetic TET2 

deficiency in mice gives rise to increased self-renewal of hematopoietic stem cells HSCs 

and biased differentiation of HSCs toward the myeloid lineage, which indicates HSCs 

are uniquely sensitive to changes in TET2 activity. Somatic alterations in TET2 are 

frequently observed in patients with lymphoid or myeloid malignancies56, 57. TET2 

mutations are the most common genetic disorder found in myelodysplastic syndrome 

(MDS), chronic myelomonocytic leukemia (CMML), and adult acute myeloid leukemia 

(AML)58, 59. Also, TET2 loss-of-function (LOF) is often found in B-cell and T-cell 

lymphoma, as well as peripheral T-cell lymphoma with relatively less frequency. 

Therefore, TET2 deficiencies are involved in various hematopoietic disease processes 

rather than limited to a specific disease subtype, and it suggests TET2 is an important 

tumor suppressor within the hematopoietic system. Besides, in the murine system, Tet2 
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ablation in murine CD4+ T cells has been reported to result in imbalanced CD4+ T cell 

polarization and to impair cytokine production60, and Tet2 deletion in CD8+ T cells also 

results in abnormal memory CD8+ T cells during chronic infection61, suggesting that 

TET2 has crucial roles for properly controlling competent immune cell function.  

However, there are now several lines of evidence that imply an anti-tumor 

activity of TET2 deficiency. Tet2 loss in murine myeloid cells suppressed melanoma  

growth in vivo and suggesting the tumor-promoting function of TET2. Another 

compelling evidence is that Tet2 deficiency promotes CD8+ T cell memory 

differentiation without disturbing cell expansion or effector function, and those 

established Tet2 loss memory T cells exhibit remarkable pathogen control, 

demonstrating that TET2 is an important regulator of CD8+ T cell fate decisions that can 

be used therapeutically.61 In addition, in the clinical setting, TET2-disrupted chimeric 

antigen receptor (CAR) T-cells s were found to exhibit potent therapeutic efficacy in the 

blood cancer patient62. Conclusively, those impressive results suggest a tumor-promoting 

function of TET2, and TET2 disruption can benefit anti-tumor immunotherapy. These 

contradictory experimental results imply that TET2 acts as a “double-edged sword.” 

TET2 maintains normal hematopoiesis, and LOF of TET2 in humans tends to increase 

the susceptibility of blood cells toward malignant transformation36, 37, 63. On the other 

hand, TET2 disruption benefits the cancer immunotherapy by enhancing the activity of 

cells of the immune system against tumor62, 64. Therefore, precise control of TET2 

activity is important to maximize its benefit in cancer immunotherapy.  
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CHAPTER II  

DEVELOPING EPIGENOME EDITING AND PROFILING TECHNIQUES TO 

DISSECT THE EIGENOME REMODELLING FUNCTION OF TET2* 

 

Introduction 

DNA methylation is a biological process that can change gene expression 

without changing the sequence. DNA methylation mainly occurs at cytosine base. 

Briefly, a methyl group is added to the carbon 5 position of cytosine by DNA 

methyltransferases (DNMTs) to form 5-methylcytosine (5mC) This process is one of the 

heritable epigenetic marks and closely related with other epigenetic modification, such 

as histone code, nucleosome positioning, polycomb complexes, noncoding RNA, and 

chromatin remodeling proteins, as a component of the chromatin structure. Researchers 

generally believe that a substantial number of human diseases, including cancer, are 

associated with aberrant DNA methylation36. The Ten-eleven translocation (TET) family 

of 5mC dioxygenases catalyzes the conversion of 5mC into 5-hydroxymethylcytosine 

(5hmC) and further oxidized species to promote active DNA demethylation37.  

 The discovery of TETs have sparked intense interest in the epigenetic field to 

unveil the biological functions of TET proteins and their major catalytic product 5hmC. 

                                                

* Part of this chapter is reprinted with permission from “Engineered Split-TET2 Enzyme for 
Inducible Epigenetic Remodeling.” By Lee, M., Li, J., Liang, Y., Ma, G., Zhang, J., He, L., Liu, 
Y., Li, Q., Li, M., Sun, D., Zhou, Y., Huang, Y., 2017. J Am Chem Soc, 139(13):4659-4662, 
Copyright [2017] by Minjung Lee and Yun Huang.  
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5hmC is regarded to serves as an intermediate during TET-mediated active DNA 

demethylation65-67, as well as a stable epigenetic mark68-71. It has been observed widely 

that DNA hydroxymethylation is highly correlated with gene expression and some 

human disorders36, 56, 72. However, is challenging to establish the causal relations 

between epigenetic modifications on DNA and the phenotypes, largely owing to the lack 

of reliable tools to accurately add or remove DNA modifications in the genome at 

defined temporal and spatial resolution.  

In addition, there has been contradictory evidence about the role of TET2 in 

some cancer types. Among the TET family enzymes, TET2 is highly correlated with 

hematopoietic cell lineage, as well as malignancies. Researchers report that Tet2 

mutation in HSC confers enhanced self-renewal and clonal expansion during 

hematopoiesis, and that Tet2 mutations and hematological malignancies are highly 

correlated57, 73, 74. Therefore, TET2 is thought to be an important tumor suppressor within 

the hematopoietic system. However, accumulating evidence suggests an anti-tumor 

activity of TET2 deficiency in both human and mouse models61, 62, 64. In order to utilize 

the beneficial effects of Tet2 in cancer treatment, it is important to control Tet2 activity 

precisely.   

It is now known whether TET proteins generating 5hmC act as a base that 

presents in mammalian genomes at significant levels. 5hmC has multiple biological 

features, as distinct from 5mC. Expression levels of 5hmC in the genome in different 

tissues are quite varied. They are related closely to several normal developmental 

processes, such as in mouse embryonic stem cells (mESCs)37. Moreover, 5hmC levels 
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are significantly lower in different types of cancers, including myeloid malignancies, and 

some solid types of tumors, such as breast and colon cancers, implying the possibility 

that the level of 5hmC is linked to cancer progression. 

To understand biological functions of 5hmC in detail, it is necessary to delineate 

5hmC distribution genome widely. Currently used anti-CMS-IP seq method, developed 

by the Rao group46, has several limitations, especially in that it requires a relatively large 

amount of starting materials. Therefore, there is an urgent need to develop an improved 

method to profile 5hmC with a low amount of DNA in order to handle properly a limited 

quantity of precious patient and in vivo samples.  
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Materials and Methods 

Design and construction of CiDER 

The mammalian expression vector pCMVTnT was purchased from Promega. 

TET2 catalytic domain (TET2CD) was amplified from TET2 cDNA by using a KOD hot 

start DNA polymerase (EMD Millipore, Billerica, MA, USA) inserted between XhoI-

KpnI restriction sites in the backbone of pCMVTnT. The researcher added a Myc-tag 

(EQKLISEEDL), a nuclear localization signal from SV40 (KRPAATKKAGQAK), and 

a linker (GGSASGGS) to the N-terminus of TET2CD. There was a subsequent insertion 

of mCherry tot he C-terminus between KpnI-NotI sites. Two versions of (Δ1482-1839, 

Δ1463-1839) truncated TET2CD constructs were made with standard PCR procedures. 

Additionally, cDNAs encoding the chemical dimerization module FKBP-2A-FRB were 

purchased as a gBlocks Gene Fragments (Integrated DNA Technologies). These were 

inserted individually into the 6 selected split sites within TET2CD (positions 1258, 

1390, 1430, 1462, 1482, and 1839; primers listed in Table1) within the AscI-XmaI 

restriction sites.  

 

Cell culture and plasmid transfection 

HeLa and human embryonic kidney HEK293T cell lines from the American 

Type Culture Collection (ATCC) were cultured in Dulbecco's modified Eagle's medium 

(DMEM, Sigma-Aldrich), supplemented with 10% heat-inactivated fetal bovine serum, 

100 U/ml penicillin/ streptomycin at 37 °C with 5% CO2. Transfection was performed 

by using lipofectamine 3000 (Life Technologies), following the manufacturer’s 
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recommended protocol. We used 200-500 ng DNA for each well of a 24-well plate. 

Then 200nM rapamycin or AP1903 (Sigma-Aldrich) was applied to the cells. The 

culture media were replaced every 24 hours with fresh media containing 200 nM 

rapamycin or AP-1903. 

 

Table 1. Primer list  
L 1258 Forward Cttctt GGCGCGCC CTCACCAAT CGCCGGTGTGCC 

 Reverse Cttctt CCCGGG CGTGCCGTATTTCCTCAGCGTC 

N 1390 Forward Cttctt GGCGCGCC AAT GGCAGCACATTGGTA TGCAC 

 Reverse Cttctt CCCGGG CTGCATGTTGTGCAAGTCTCTGTG 

G 1430 Forward Cttctt GGCGCGCC GGGAGTGTGGAAGCTCAGGAG 

 Reverse Cttctt CCCGGG AAACTCATCCACGTCAGAGACTTTG 

T 1463 Forward Cttctt GGCGCGCC ACTTGCCGA CAAAGGAAACTAGAA G 

 Reverse Cttctt CCCGGG CTTGACTGGCTCTGCTAACATCC 

L 1482 Forward Cttctt GGCGCGCC CTGGAGAACAGCTCAAATAAAAATG 

 Reverse Cttctt CCCGGG GGAGGAAAGCTTTTCAGCTGCAGC 

6G 1839 Forward Cttctt GGCGCGCC GGTGCAGAGGACAACGATGAG 

 Reverse Cttctt CCCGGG AGAAGCCACACCCTGGACTAGTG 
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5hmC immunofluorescence staining and imaging 

HeLa cells (4 x 105) were plated on sterile coverslips in 24-well plates. After 24-

48 h rapamycin treatment, cells were fixed at 4% paraformaldehyde in PBS for 15 

minutes and permeabilized with 0.2% Triton X-100 in PBS for 30 minutes at room 

temperature. Next, DNAs were denatured with 3N HCl at room temperature for 15 

minutes and neutralized with 100 mM Tris-HCl buffer (pH 8.0) for 10 minutes. After 

extensive washing with PBS, cells were blocked with 1% BSA for 30 minutes, and then 

incubated with rabbit anti-5-hmC polyclonal antibody (diluted at 1:500, Active Motif) 

for 2 hours at room temperature.  

After washing with PBS (3 times; 15 minutes each), FITC-conjugated anti-rabbit 

IgG (Sigma-Aldrich) was added to cells for 1 hour. After thoroughly washing with PBS, 

250 ng/ml of 4’, 6-diamidino-2-phenylindole (DAPI) was added to the fixed cells and 

then the slides were mounted for confocal imaging. The fluorescent images were 

acquired by using a Nikon A1R+ confocal imaging system, equipped with multiple laser 

sources (405/488/561/640 nm). The 488 nm laser (green) was used to obtain 5hmC 

staining signals, as was 561-nm laser to excite mCherry for detecting protein expression. 

The NIS-Elements software was used for image analysis. The averaged FITC intensity in 

the nuclei of mCherry-positive cells were collected and analyzed. The data were plotted 

using the Prism 5 software.  
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Flow cytometry 

Cells were re-suspended in FACS buffer (PBS with 1% BSA, 2 mM EDTA) and 

incubated with Fc blocker for 10 minutes on ice. After washing with FACS buffer, cells 

were fixed and permeabilized using the Cell Fixation/permeabilization kit (BD 

Biosciences). DNA were denatured using 2N HCl and neutralized by 10 mM Tris-HCl 

(pH 8.0) for 20 minutes. Next, anti-5hmC antibody (diluted at 1:200, Active Motif) and 

FITC conjugated goat anti-rabbit secondary antibody (at a dilution of 1:200; Thermo 

Fisher Scientific) were used for 5hmC staining. Flow cytometry analysis was performed 

using LSRII (BD Biosciences). Data were analyzed by using the FlowJo software. 

 

A dot-blot assay to quantify genomic 5hmC and 5mC 

Dot blot assays were performed, as described previously56. Briefly, purified 

genomic DNA was denatured in 0.4 M NaOH, 10 mM EDTA at 95 °C for 10 minutes, 

followed by neutralization with ice-cold 2 M ammonium acetate (pH 7.0). Two-fold 

serial dilutions of the denatured DNA samples were spotted on a nitrocellulose 

membrane in an assembled Bio-Dot apparatus (Bio-Rad), according to the 

manufacturer’s instructions. A synthetic oligonucleotide with a known amount of 5hmC 

was used as standard56, 75.  

The membrane was washed with 2xSSC buffer, air-dried, and vacuum-baked at 

80°C for 2 hours. The dried membrane was blocked with 5% non-fat milk for 1 hour and 

incubated with an anti-5hmC antibody (dilution of 1:5000, Active Motif) for 1 hour at 

4°C, followed by incubation with horseradish peroxidase-conjugated anti-rabbit IgG 
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secondary antibody (diluted at 1:10,000; Sigma). The membrane was visualized by 

West-Q Pico Dura ECL Solution (GenDEPOT). To ensure equal loading of total DNA 

on the membrane, the same blot was stained with 0.02% methylene blue in 0.3 M 

sodium acetate (pH 5.2) to visualize the total amounts of loaded DNA samples.  

 

Pull-down experiments and functional reconstitution in vitro 

Myc-CiDER-mCherry, encoding the split CiDER (N-terminal half tagged with 

Myc and C-terminal half fused with mCherry), was transfected into HEK293T cells by 

using Lipofectamine 3000 (Life Technologies). At 48 hours post-transfection, 1X107 

cells were lysed in a RIPA lysis buffer (150 mM NaCl, 50 mM Tris-HCl, pH 8.0, 1% 

Triton X-100, 0.1% sodium deoxycholate and 0.05% SDS), supplemented with protease 

inhibitor cocktail (GenDEPOT), and incubated on ice for 20 minutes. Cell debris was 

removed by centrifuging at 20,000x g for 10 minutes at 4°C. Cell lysates were incubated 

with anti-Myc antibody (ab1253, Abcam) and/or a rabbit polyclonal anti-mCherry 

antibody (ab167453, Abcam) for 4 hours at 4°C, followed by incubation with precleared 

protein A/G beads (30 ul) overnight at 4°C. Protein/beads mixtures were washed 5 times 

with 50 mM HEPES (pH 8.0) containing 50 mM NaCl.  

Then the immunoprecipitated TET2CD, N-half, or both CiDER fragments with 

substrate (a double-stranded 5mC containing DNA oligos that were used in an earlier 

study75) were mixed in a reaction buffer (50 mM HEPES (pH 8.0), 50 mM NaCl, 

1 mM α-ketoglutarate, 3.7 µM ammonium iron (II) sulfate hexahydrate, 

0.1 mg ml−1 BSA, 1 mM ATP) at 37°C for 30 minutes. Following this, EDTA (11 mM) 
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added to quench the reaction. DNA and protein mixtures were eluted with 50 mM 

HEPES (pH 8.0) containing 200 mM NaCl, 0.2% SDS with incubation at 95°C for 10 

minutes. DNA fragments were further purified by MicroElute Cycle-Pure Kit (Omega). 

The 5hmC level were measured by the dot-blot assay as described above.  

 

CMS-IP sequencing library preparation 

Cytosine 5-methylenesulphonate (CMS)-IP seq were performed as described 

previously39, 46. Genomic DNA was isolated using a DNeasy blood and tissue kit 

(Qiagen). Purified genomic DNA was sonicated into ~300 bp using Covaris focused 

ultrasonicator. Sheared DNA was ligated with methylated adaptors using a TruSeq DNA 

library preparation kit (Illumina) followed by sodium bisulfite treatment (Methylcode 

bisulfite conversion kit, Life Technologies) to convert 5hmC to CMS.  

CMS fragments were enriched using anti-CMS antibody that binds to protein 

A/G dynabeads. Enriched fragments were cleaned using the phenol/chloroform/isoamyl-

alcohol method and then amplified using KAPA HiFi Uracil+ (Kapa Biosystems) 

polymerase with 8 PCR cycles. Amplified libraries were sequenced using Illumina 

NextSeq instrument (75 cycles, single-ended).  

 

ATAC-seq sequencing library preparation 

The researcher conducted an assay for Transposase-Accessible Chromatin, using 

sequencing (ATAC-seq) library preparation, as previously described76. Briefly, nuclei 

were isolated in lysis buffer (10 mM Tris-HCl, pH 7.4, 10 mM NaCl, 3 mM MgCl2, 
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0.1% IGEPAL CA-630), followed by centrifugation at 500 ×g for 10 minutes at 4 °C. 

Next, the transposition reaction was carried out by using Illumia Nextera DNA library 

preparation kit (37°C for 30 minutes). Tagmented DNAs were purified using the 

MiniElute kit (Qiagen). Purified DNAs were amplified with the KAPA real-time library 

amplification kit (Kapa Biosystems), followed by library purification using AmpuXP 

beads. The quality of purified DNA libraries was checked by Agilent TapeStation and 

then subjected to high throughput sequencing on an Illuminutesa NextSeq instrument 

(150 cycle, pair-ended).  

 

Bioinformatic analysis for CiDER 

For 5hmC peak identification, reads were mapped to hg19 assembly of the 

human genome, using bsmap2 software with default parameters. We kept uniquely 

mapped reads for the following analysis. A sliding window method was used to split the 

human whole genome to 300 bp size windows, and count the numbers of reads mapped 

in each window with 100 bp spacing. By comparing with the reads from input samples 

(without antibody enrichment), regions with more than 2-fold enrichment were identified 

as a peak. For heatmap generation, Mplot (unpublished software) was used to plot 

control (0 h) and 48 h ATAC/CMS signals on ATAC/CMS control peaks regions 

(normalized to 400 bp). For the ATAC-seq analysis, reads were aligned to the hg19 

assembly of the human genome, using bowtie2 with the “-very-sensitive” parameter. The 

duplicate reads were discarded, and only properly paired mapped reads, with mapping 

quality ≥, were kept for downstream analysis.  
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The ATAC peak calling was done by MACS2 with “-nomodel” and “extsize 

147” parameters. For the differential ATAC/CMS peaks analysis, the ATAC/CMS peaks 

in all groups were merged to form a merged peak set (ATAC merged peaks set: 107545 

peaks; CMS merged peaks set: 231705 peaks). Next, we counted the reads in each group 

falling in the peaks. DESeq2 was used to call significantly differential ATAC/CMS 

peaks, which were identified as fold change ≥4 and q-value ≤0.05.  

 

Highly-sensitive CMS-IP sequencing (sCMS-IP-seq)  

The sCMS-IP-seq was performed as described previously46, with some 

modifications. Briefly, genomic DNA was combined with unmethylated λ-bacteriophage 

DNA (NEB) for bisulfite conversion efficiency check, and then sheared into median 

300-bp size range using a Covaris M220 Focused-ultrasonicator (Covaris). Sheared 

DNA was bisulfite converted using a EZ DNA methylation-lightning kit (Zymo 

Research), with suggested protocols, to convert 5-hydroxymethylcytosin (5hmC) to 

cytosine-5-methylenesulfonate (CMS). CMS-containing DNA fragments then were 

immunoprecipitated using CMS-specific antiserum pre-conjugated with protein A/G 

dynabeads. Precipitated DNA fragments were purified by the conventional 

phenol/chloroform/isomyl-alcohol method.  

Purified enriched fragments were amplified with random primers, followed by 

adaptor ligation. Final amplification was performed with illumina TruSeq indices using a 

Pico Methyl-Seq Library Prep Kit (Zymo Research), with manufacturer’s protocols. 

Constructed library size distribution was determined by a Bioanalyzer with an Agilent 
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High Sensitivity DNA Kit (Agilent). Library concentration was measured by a Qubit 4 

Fluorometer using a Qubit dsDNA high sensitivity assay kit (Thermo Fisher Scientific). 

Pooled DNA libraries were sequenced on NextSeq 500 (Illumina) with a NextSeq 

500/550 High Output Kit v2 (75 Cycles, single-ended), following protocols suggested by 

the manufacturer (Illumina). 

 

sCMS-IP-seq data analysis   

Raw fastq data for sCMS-IP were aligned to hg19 using BSMAP [46]. After 

discarding PCR duplicated reads, the uniquely mapped reads were kept for downstream 

analyses. MACS277 with default parameters was used to call CMS-IP peaks. A count 

table, including the raw counts for each peak across all the samples, was generated using 

an in-house script. DESeq278 was used to normalize the reads count for each sample and 

to identify the differentially hydroxymethylation (CMS-IP) peaks (DHMRs; FDR <= 

0.05, when compared with health donor samples).  

To facilitate the visualization of hydroxymethylation (5hmC) signals, we 

generated bigWig files for read coverage from the aligned BAM files and visualization 

in the UCSC genome browser. Functional annotations of DHMRs were performed using 

the GREAT analysis with default settings79. The R package ggplot2 was used for violin 

plots and boxplots. We generated heatmap with hierarchical using the R package 

heatmap3 (https://www.rdocumentation.org/packages/heatmap3/versions/1.1.6/ 329 

topics/heatmap3). Following this, t-Distributed Stochastic Neighbor Embedding (t-SNE) 
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analysis was performed using the R package Rtsne (https://github.com/jkrijthe/Rtsne). 

The smoothed scatterplots were plotted using the R package: geneplotter. 

 

Results 

Design chemical-inducible epigenome remodeling tool (CiDER) using TET2 and its 

functional analysis 

To overcome the hurdle facing studies of causal relationships between DNA 

hydroxymethylation and gene transcription, I designed a chemical-inducible epigenome 

remodeling tool (CiDER; Figure 2-1). There are several reasons for choosing TET2, 

rather than TET1 or TET3, as the target for engineering a split epigenomic modifier.  

 

Figure 2-1. Design of a chemical-inducible epigenome remodeling (CiDER 
tool based on a split TET2 enzyme. FKBP12/FRB heterodimerization or FKBP-F36V 
homodimerization modules are fused with two inactive fragments of a split TET2CD. 
Upon the addition of rapamycin, split TET2CD fragments reassemble into a functional 
methylcytosine dioxygenase to catalyze the conversion of 5mC into 5hmC and further 
oxidized species, thus promoting DNA demethylation to remodel the epigenetic 
landscapes in mammalian cells.  
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TET2 is among the most frequently mutated genes in hematological malignancies36. 

Exome sequencing in cancer patients has revealed a large panel of disease-associated 

mutations57, 80, thereby providing abundant information with regard to sensitive spots to 

be avoided during our selection of split sites. The determination of crystal structures of 

the catalytic domain of TET2 (TET2CD) in complex with 5mC or 5hmC81, 82 enabled us 

to prioritize the selection and validation of split sites in a more rationalized manner. 

 Importantly, the low complexity region (residues 1481-1843) of TET2CD can be 

replaced by a flexible GS linker without significantly compromising its catalytic 

activity82. This clearly speaks for the structural malleability of TET2 and the high 

flexibility to accommodate the insertion of foreign polypeptide sequences. Omitting this 

large fragment of low complexity region (~1.2 kb) further allows generating constructs 

with minimized sizes. Based on those major consideration, we tested the idea that 

TET2CD can be split into two inactive fragments and its enzymatic function can be 

restored by taking a chemically-inducible dimerization approach. 

To develop a split-TET2CD system, we selected six sites in TET2CD (Figure 2-  

 

 

Figure 2-2. Domain architecture of the catalytic domain of TET2 (TET2CD; 
residues 1129-2002) and positions of split sites. A chemical (rapamycin) inducible 
module, composed of FKBP12 and FRB, was inserted individually into six selected split 
sites. DSBH, double stranded beta helix. 



 

28 

 

2), composed of a Cys-rich region and a double-stranded beta-helix (DSBH) fold, on the  

basis of a crystal structure of TET2-DNA complex that lacks a low complexity region82. 

A synthetic gene encoding FK506 binding protein 12 (FKBP12) and FKBP rapamycin 

binding domain (FRB) of the mammalian target of rapamycin83, 84, separated in the middle 

by a self-cleaving T2A polypeptide sequence85, 86, was inserted individually into the 

selected split sites within TET2CD or TET2CD lacking low complexity region (Figure 2-

3). Then mCherry-tagged construct was transfected into human embryonic kidney 293T 

 

 

Figure 2-3. Design of CiDER as a split-TET2 enzyme for inducible 5mC oxidation. 
Diagram of CiDER. The chemical-inducible dimerization modules FRB and FKBP12, 
along with a self-cleaving peptide T2A, were inserted into the catalytic domain of TET2. 
The N-terminal region of TET2CD (TETN) is tagged with an Myc tag and a nuclear 
localization signal (NLS); whereas the C-terminal region of TET2CD (TET-C) is fused 
with mCherry to aid the detection of protein expression. Following the expression of 
CiDER in mammalian cells, the fusion protein was cleaved into two inactive TET2CD 
fragments. Upon addition of rapamycin, the chemically-inducible heterodimerizaiton of 
FRB and FKBP12 brings the two complementary fragments of TET2CD into close 
proximity to restore its enzymatic function, thereby catalyzing 5mC oxidation to produce 
5hmC.  
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(HEK293T) or HeLa cells, both with very low basal 5hmC levels. Once expressed in 

HEK293T cells, the fusion protein was self-cleaved into two fragments (Figure 2-3) to 

reconstitute a functional enzyme in vitro, as reflected by inducible production of 5hmC  

after incubating the enriched fragments with a synthetic 5mC-containing dsDNA oligo in 

the presence of rapamycin (Figure 2-4). 

 

Figure 2-4. A dot-blot assay to quantify in vitro 5mC-to-5hmC conversion in 
reaction mixtures containing the following combinations: i) N-half of CiDER 
(negative control; enriched by an anti-Myc antibody) + 5mC dsDNA oligo (with all C 
replaced by 5mC); ii) Myc-TET2CD-mCherry (positive control; enriched by an anti-
Myc antibody) + 5mC dsDNA oligo; or iii). both enriched fragments (enriched by 
antibodies against Myc and mCherry) + 5mC dsDNA oligo. The reactions were carried 
out in the absence (blue) or presence (red) of 1 µM rapamycin. 
 

By using an antibody that specifically recognizes 5hmC, we compared the global 

5hmC levels in transfected cells, before and after rapamycin treatment, by flow 

cytometry (Figure 2-5A). After screening over 15 constructs, we identified a split-

TET2CD variant (designated as CiDER for chemical-inducible epigenome remodeling 

tool; see Supporting Information for the sequences) that exhibited rapamycin-inducible 

restoration of enzymatic activity (data not shown). We detected almost no background  
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Figure 2-5. An engineered split-TET2 enzyme for inducible DNA 
hydroxymethylation in mammalian cells.  A. Quantification of CiDER-mediated 
5hmC production by flow cytometry. HEK293T cells transfected with mCherry (mCh)-
tagged CiDER or mCh-TET2CD (positive control) were immunostained with an anti-
5hmC primary antibody and an FITC-labelled secondary antibody. B. Time course of 
rapamycin (200 nM)-induced production of 5hmC in HEK293T of 5hmC in HEK293T 
cells expressing CiDER or TET2CD (as positive control). Rapamycin was washed away 
48 h after incubation with cells. C. Representative fluorescent images of 5hmC (green), 
CiDER-mCh (red), and nuclear staining with DAPI (blue) in HEK293T cells before and 
after rapamycin (200 nM) treatment.  D. Dot-blot assay to quantify rapamycin (200 nM)-
induced changes of 5hmC levels in genomic DNA purified from HEK293T cells 
expressing CiDER or TET2CD. A synthetic oligonucleotide with a known amount of 
5hmC was used as a positive control. The loading control is shown in the bottom panel 
by methylene blue staining of total amounts of input DNA. See Supporting Information 
(Figures S1-2) for more results and sequences. n=5. Scale bar=10 µm. 
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activity of CiDER prior to the addition of rapamycin. Following the addition of 

rapamycin, the total 5hmC amount was restored to a level comparable to cells expressing 

intact TET2CD proteins (split site 3; Figure 2-5A). 

Chemical-induced 5hmC production at different time points was further 

monitored. We noticed that the functional restoration reached a maximum approximately 

48 hours after rapamycin treatment. Notably, approximately 3 days after withdrawal of 

rapamycin, the 5hmC level returned to its basal level, presumably owing to the constant 

dilution of 5hmC after multiple rounds of cell division (Figure 2-5B). By contrast, the 

5hmC level in the control group expressing an intact TET2CD remained largely 

unaltered under the same experimental conditions.  

Next, rapamycin-inducible generation of 5hmC was confirmed by two additional 

methods: immunostaining with an antibody against 5hmC in individual cells (Figure 2-

5C) and a more quantitative dot-blot assay that measures the total amounts of 5hmC in 

the whole cell population (Figure 2-5D). Both assays clearly demonstrated that 

rapamycin elicited robust production of 5hmC in CiDER-expressing HEK293T cells 

with negligible background activity.  

 

Chromatin accessibility changes associated with CiDER-mediated chemical inducible 

epigenetic states remodeling  

To systematically examine the CiDER-mediated changes in the epigenetic 

landscapes between untreated and rapamycin-treated mammalian cells, genome-wide 
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5hmC mapping was performed in HEK293T cells by immunoprecipitation (IP) of 

bisulfite-treated DNA with a highly specific home-made antibody against cytosine-5- 

methylenesulphonate (CMS)39, 46. Compared with the untreated control group (0 h), we 

observed a large number (n = 13,125) of differentially hydroxymethylated genomic 

regions (DHMRs) in cells treated with rapamycin (48 h), with the majority (n = 11,808) 

showing significant gain of 5hmC (Figure 2-6A and B left).  

 

 

 
Figure 2-6. CiDER-mediated chemical inducible remodeling of epigenetic states to 
increase chromatin accessibility in mammalian cells. A. Schematic of the 
experimental setup. 0 or 48 h after 200 nM rapamycin treatment, genomic DNA samples 
from HEK293T cells were subjected to genome-wide 5hmC profiling and ATAC-seq to 
monitor chromatin accessible regions in the genome. B. Scatter plots of differential 
5hmC peaks (left) and ATAC peaks (right) between 0 hand 48 h treatment groups. Red 
and blue dots represent significantly up- or down-regulated ATAC/5hmC peaks at 48 h, 
respectively. The grey dots represent peaks without significant changes at 48. 
 

 

 Very recently, researchers have shown that TET loss-of-function with the 

resultant reduction of genomic 5hmC is correlated with reduced numbers of chromatin  
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Figure 2-7. 5hmC and DAPI staining in the nuclei of mouse embryonic stem cells 
and CiDER expressing HEK293T cells (before and after rapamycin treatment). A. 
Mouse embryonic stem cells were immunostained with an anti-5hmC antibody (green). 
The nuclei were stained by DAPI (blue). The fluorescent signals across the red line were 
plotted on the right. B. Anti-5hmC (green) and DAPI (blue) staining in HEK293T cells 
expressing CiDER. Transfected HEK293T cells were cultured in the absence (0 h) or 
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presence of (48 h) 200 nM rapamycin prior to immunostaining. The fluorescent signals 
across the red lines were plotted on the right. C. Scatter plot of 5hmC vs DAPI staining 
in four representative CiDER-expressing HEK293T cells after incubation with 
rapamycine for 48 h. In general, higher 5hmC staining was correlated with lower DAPI 
staining in the same cell, and vice versa. 

 

 

accessible regions. This suggests a potential role of TET and/or 5hmC in the 

maintenance of chromatin accessibility in mammals69, 87, and the possibility that 5hmC-

enriched regions might mark more accessible chromatin regions.  

Since increased chromatin accessibility often is indirectly indicated by a lower 

DAPI staining of the nuclear euchromatin88, we examined if the intensity of 5hmC  

staining is correlated with DAPI staining levels in two types of cells, the mouse 

embryonic stem cells that are rich in 5hmC (Figure 2-7A) and rapamycin-treated 

HEK293T cells that expressed chemical-inducible TET2CD (Figure 2-7B and C). In 

each individual cell, high 5-hmC areas in the same nucleus were correlated generally 

with pronouncedly decreased nuclear staining by DAPI, and vice versa. In both cell 

types, we observed a general inverse relationship between intensities of 5hmC and DAPI 

staining (Figure 2-7), a clear indication of the involvement of 5hmC in the regulation of 

chromatin accessibility.   

 The causal relationship between 5hmC and chromatin accessibility remains 

unresolved, primarily owing to the lack of tools to temporally control the 

hydroxymethylation of 5mC in living cells. To clarify this, we tested CiDER-mediated 

chemical-inducible deposition of 5hmC in the genome to determine whether it would 

cause changes in the chromatin architecture. The genome-wide chromatin accessibility  
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Figure 2-8. CiDER-mediated 5hmC deposition positively correlates with increased 
chromatin accessibility in mammalian cells. A. Normalized coverage of ATAC-seq 
signals (0 h and 48h; with biological duplicates). These were plotted 150 bp up- and 
down-stream of the centers of 5hmC-peaks at 0 h (control). B. Distribution of averaged 
5hmC enrichment (2 upper panels) and (2 upper panels) and ATAC-seq peak enrichment 
(2 lower panels) at control ATAC/5hmC peaks regions in CiDER-expressing HEK293T 
cells at time 0 (control) or 48 h following rapamycin treatment. C. Representative 
genome browser view of one HMDR in the LINC00854 locus on chromosome 17. This 
showed rapamycin-induced gain of 5hmC and ATAC-seq peaks, which was overlaid 
with traces representing DNase I hypersensitive sites, transcriptional factor binding (TF 
ChIP) and H3K27Ac enrichment.  
 

was profiled by ATAC-seq (assay for transposase-accessible chromatin using 

sequencing76) before and after rapamycin treatment in the same batch of cells (Figure 6A 

and B right).  

Sequencing analysis shows that 41,879 regions were more accessible in 

rapamycin-treated cells compared to untreated cells (Figure 2-6B right). When taking a 

genome-wide approach to compare the 5hmC enrichment and ATAC-Seq peaks, we 
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observed a substantial enrichment of ATAC-seq peaks within the 5hmC enriched regions 

(Figure 2-8A and B).  

In parallel, the Principal Component Analysis (PCA) of ATAC-seq and 5hmC 

enriched regions displayed similar distribution patterns on the plots before (0 h) and after 

 (48 h) rapamycin treatment (Figure. 2-9), clearly indicating that CiDER-mediated 

chemical inducible generation of 5hmC was strongly correlated with the increase of 

chromatin accessible regions.  

 

Figure 2-9. The principle component analysis (PCA). PCA plots of CMS-IP (left) and 
ATAC-seq (right) results for HEK293T cells expressing CiDER (before rapamycin 
treatment (0 h, blue; two biological replicates), or treated for 48 h, red. Two biological 
replicates). 
 

The observed overlapping enrichment of 5hmC in chromatin accessible regions 

(Figure 2-8A and 8B) further imply that CiDER, with its enzymatic function restored by 

rapamycin, could actively mark these chromatin regions with 5hmC to maintain their 
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accessibility in mammalian cells. Figure 2-8C shows a genome browser view of one 

DHMR located in the LINC00854 locus. The distal region of LINC00854 contains 

moderate levels of both 5hmC and chromatin accessible regions prior to the addition of 

rapamycin (0 h), and showed a substantial gain of 5hmC and ATAC-Seq peaks after 

rapamycin-induced restoration of TET2 enzymatic activity (48 h). This region might 

also function as distal-regulatory regions (e.g., enhancers), as it is enriched with an 

enhancer mark (Histone H3 lysine 27 acetylation, H3K37Ac) as well as DNase I 

hypersensitivity regions identified from the ENCODE database.  

Taken together, by controlling the formation of 5hmC at real time in living cells, 

we demonstrated that TET-mediated 5mC oxidation constitutes one important epigenetic 

regulatory mechanism to modulate chromatin accessibility without altering the genetic 

code.  This suggests that CiDER-mediated epigenome remodeling can be applied diverse 

system to answer fundamental biological questions.   

 

Develop high-sensitive CMS-IP seq (sCMS-IP) for low amount of input DNA  

TET family enzymes and their derivatives have diverse biological functions in 

different organs, including normal developmental processes, as well as various disease 

phenotypes36, 37. To understand biological roles of TET proteins and 5hmC, a major 

product of the enzymatic reaction of TETs, comprehensively, researchers must map 

5hmC onto the genome with high precision and better resolution. By doing that with 

various types of tissues, 5hmC enriched regions are able to correlate with diverse 

genomic events, such as gene expression and chromatin architecture.  
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Figure 2-10. A high-sensitive CMS-IP sequencing (sCMS-IP-seq) method to profile 
genome-wide 5hmC landscapes using low-input DNA. A. The work-flow of sCMS-
IP-seq. B. Venn diagram showing the overlapping 5hmC peaks in mouse embryonic 
stem cells (mESC). 5hmC peaks were mapped either using the previously published 
conventional CMS-IP-seq method (1µg input), or the sCMS-IP-seq (10 ng input) 
described in this study. C. Heatmap representation of 5-hmC profiling results using the 
regular CMS-IP-seq method and sCMS-IP-seq method (100 ng and 10 ng input). The 
gDNA input amounts for CMS-IP are indicated on the top of the heatmap. The up- and 
down- 2kb of the center of 5hmC peaks, identified in regular CMS-IP-seq, were used to 
plot heatmaps. D. Genome-browser views of DNA hydroxymethylation distribution in a 
genomic locus identified using the regular CMS-IP-seq method or the sCMS-IP-seq 
method (100 ng and 10 ng input).  
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Previously reported CMS-IP seq method46 is a powerful tool to profile 5hmC 

genome-widely, using a highly immunogenic by-product of sodium bisulfite treatment 

with 5hmC, called cytosine 5-methylenesulphonate (CMS). Although it is an effective 

method, the major caveat of this technique is that a relatively large amount of starting  

materials are required to get high quality mapping results. A high-sensitive CMS-IP 

(sCMS-IP) seq method was developed to achieve genome-wide 5hmC profiling using 

limited DNA, as low as 10 ng, purified from tumor infiltrate lymphocytes (TILs), 

(Figure 2-10A). Briefly, when compared with traditional CMS-IP seq, this method 

applied multiple amplification steps, including random priming using pico-methylseq 

library prep kit developed by Zymo Research. To validate the reliability of this 

technique, we compared in parallel 5hmC profiles in mouse embryonic stem cells 

(mESCs) using sCMS-IP method with 10 ng and 100 ng of genomic DNA (gDNA) and 

previously published regular CMS-IP method with 1 µg of gDNA. The results indicate 

substantial overlapping of 5hmC peaks in mESCs between sCMS-IP and traditional 

CMS-IP (Figure 2-10B). We observed consistent 5hmC peaks intensity (Figure 2-10C) 

and distribution (Figure 2-10D). This showed that we successfully employed our sCMS-

IP method without sacrificing the overall accuracy and sensitivity.   
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Discussion 

   DNA methylation and demethylation are the chemical modifications of DNA 

bases that play a crucial role in epigenetic gene regulation. During those processes, 5mC 

and 5hmC perform as epigenetic marks to control diverse biological processes from 

normal development to cancer progression. Although much attention has been focused 

on 5mC, the role of 5hmC is relatively limited. Hydroxymethylated cytosine levels are 

generally around 0.1% in mammalian tissues. TET family enzymes generate 5hmC from 

existing 5mC. Therefore, the proportion of 5hmC is much less than 5mC in different 

types of tissues (less than 20-fold in mESCs67), indicating the necessity of highly 

sensitive tools to examine the function of 5hmC in the genome. Several methods were 

already developed to reliably map 5hmC genome-widely46, 89. However, those 

techniques require high concentration of genomic DNA (1-10 µg) as a starting material 

to properly generate sequencing libraries. This suggests that there is an urgent need to 

develop a highly sensitive sequencing library preparation method to utilize low-amount 

of DNA.  

In this chapter, we introduced a high-sensitive CMS-IP (sCMS-IP) seq that is 

able to capture 5hmC information, using as low as 10 ng, and tested the method in 

mESCs and myelodysplastic syndromes (MDS) patient samples (data not shown). We 

demonstrated that our sCMS-IP technique can yield high quality epigenomic data with 

data coverage, peak intensity, and distribution patterns comparable to the conventional 

profiling approaches that often require 10-100-fold more genomic DNA as input.  
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The study of epigenetic modification of DNA currently is in an exponential 

phase of growth with development of massive sequencing techniques. The aim is to find 

novel biomarkers, including diagnosis and prognosis of certain diseases, as well as target 

specific factors for personalized therapy. We also proposed an advanced and sensitive 

technique to map 5hmC genome-widely in this chapter. 

 Challenges remain in verifying how those epigenetic modifications on DNA, by 

marking with 5hmC and further oxidative products, directly change the gene expression 

and derived phenotypes. To overcome this hurdle, we engineered a split-TET2 enzyme 

to enable temporal control of 5mC oxidation and subsequent remodeling of epigenetic 

states in mammalian cells. We further demonstrated the use of this chemically-inducible 

system to dissect the correlation between DNA hydroxymethylation and chromatin 

accessibility in the mammalian genome. This chemical-inducible epigenome remodeling 

(CiDER) tool will find broad use in interrogating cellular systems, without altering the 

genetic code, as well as in probing the epigenotype-phenotype relations in various 

biological systems. 

In general, TET2 is thought to be a strong tumor suppressor in hematopoietic 

malignancy. TET2 loss-of-function can cause myeloid or lymphoid transformations. 

Moreover, various types of TET2 mutations have been found to be associated with 

MDS, acute myelocytic leukemia (AML), acute lymphocytic leukemia (ALL), and other 

hematologic malignancies57, 80. On the other hand, previous research suggest tumor 

promoting functions of TET2 in different settings, including CAR-T cells62 and murine 

myeloid lineage cells 64. Our own results of the immunotherapy model will be described 
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in Chapter III also indicate that Tet2 depletion in CD8+ cytotoxic T cells reduces tumor 

burden, suggesting immunosuppressive function of TET2 in an in vivo system. 

Certainly, TET2 deficiency increases clonal hematopoiesis, and it may result in 

promoting certain types of tumorigenesis. Along with our own data, there is growing 

evidence that Tet2 deletion increases anti-tumor efficacy. Therefore, TET2 expression 

should be controlled precisely in order to potentiate the benefit to cancer 

immunotherapy. We anticipate that our drug-inducible epigenome remodeling tool, 

CiDER, can be applied to our immunotherapy model to maximize tumor killing effect of 

CD8+ T Cells by controlling TET2 activity.   

To confer spatial control over the CiDER system, one of our immediate future 

plans is to fuse CiDER with a catalytically-inactive Cas9, or its orthologues. This should 

enable loci-specific targeting and precise control of 5mC oxidation in the genome. 

Ideally, epigenome remodeling is a powerful strategy for interrogating, perturbing and 

engineering cellular systems without altering the genetic code. It could thus serve as a 

high entry point for reprogramming cell fate and disease intervention.  
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CHAPTER III  

DEVELOPING A MOUSE MODEL OF MELANOMA TO EVALUATE 

IMMUNOTHERAPY 

 

Introduction 

Accumulated studies reported dynamic epigenetic landscape changes during the 

course of T cell development, and tumor infiltrating lymphocytes (TILs) during tumor 

progression. This suggests that epigenetic changes make up one of the important factors 

controlling proper T cell development. They regulate the key genes and define the status 

of TILs during tumor development.  

A number of studies showed that DNA methylation plays an essential role in 

regulating immune response of CD8+ T cell during chromic infection and tumorigenesis. 

Both effector and inhibitory genes are tightly controlled by DNA methylation during 

CD8+ expansion, activation, and exhaustion. For example, the demethylation of Gzmb, 

Infg, and Pdcd-1 loci are essential for active gene expression of these genes in CD8+ T 

effector cells during acute infection3, 26. Also, researchers report that blockage of de 

novo DNA methylation by DNA methyltransferases 3a (Dnmt3a) deletion resulted in 

prolonged CD8+ T cell immunity during persistent immune response90. Indeed, impaired 

DNA methylation in T cells directly affects the outcomes of immune-related therapies 

including checkpoint treatment91. Therefore, it is highly likely that modulation of DNA 

methylation in T cells might benefit cancer immunotherapy. 
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In addition to Dnmts mediated DNA methylation, TET protein family mediated 

DNA methylation oxidation is one of critical regulatory mechanisms for DNA 

demethylation process. Deletion of TET proteins resulted in impaired chromatin 

accessibility92 and transcription factor binding in different immune cells, including B 

cells, T cells, and macrophages93. Among three TET proteins, TET2 is highly expressed 

in the hematopoietic system56, 94, 95, and frequently mutated in the hematopoietic and 

immune system. Maintaining normal hematopoiesis and loss-of-function (LOF) of TET2 

in humans, TET2 tends to increase the blood cells’ susceptibility to malignant 

transformation36, 37, 63. Genetic deletion of Tet2 in mice resulted in the expansion of 

hematopoietic stem progenitor cells (HSPCs) and caused a myeloid bias during 

hematopoiesis54.  

TET2 mutations frequently are observed in individuals with clonal 

hematopoiesis, who are at a higher risk to develop hematological malignancies. Indeed, 

TET2 mutations also are detected in patients with hematological malignancies, both 

myeloid and lymphoid lineages54, 96. Researchers report that Tet2 ablation in murine 

CD4+ T cells result in imbalanced CD4+ T cell polarization and impair cytokine 

production60. Tet2 knock-out (KO) in CD8+ T cells also result in abnormal memory 

CD8+ T cells during chronic infection61.  

Several recent papers indicated that Tet2 deficient hematopoietic stem cells and 

immune cells, including T cells and macrophages, exhibited distinct immune activities in 

responding to external stimulations. For example, Tet2 deficiency in CD8+ T cells 

promotes memory differentiation and enhanced pathogen control61. In addition, 
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disruption of TET2 improves immunotherapy efficiency in both chimeric antigen 

receptors (CARs) T cells and tumor-infiltrating myeloid cells62, suggesting the beneficial 

effects of TET2 LOF during anti-tumor immunotherapy. Tet2 LOF also enhances the 

anti-tumor efficiency of tumor-infiltrating myeloid cells64.  

TET2 seems to act as a “double-edged sword” in immune system. At the 

molecular level, our group and others have shown that Tet protein mediated DNA 

methylation oxidation regulates gene expression by controlling chromatin accessibility 

and transcription factor binding (TF) during embryonic development. However, the role 

of Tet2 in TILs in anti-tumor immunity is unclear.  

One of the most popular and versatile models of murine melanoma is created by 

inoculating B16 cells in the syngeneic C57BL/6J mouse strain. Upon inoculation, B16 

cells will form a detectable tumor around 5 days after injection and grow gradually. The 

B16-OVA cell line is modified mouse melanoma cells that are specifically engineered to 

express ovalbumin (OVA) peptide. To enhance the likelihood that B16-OVA cells will 

interact with CD8+ T cells, the transgenic T cell receptor was designed to recognize 

OVA peptide, called OT-1. The CD8+ T cells isolated from OT-1 mice primarily 

recognize OVA when they are presented by the MHC1 molecule.  

 In this chapter, we report the creation of a mouse model of melanoma using  

a melanoma cell line and Tert2 deficient OT-I mouse to delineate how Tet2 depletion in 

cytotoxic CD8+ T cells affects tumor growth. We also investigate the function of Tet2 in 

TILs.  
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Materials and Methods 

Mice 

C57BL/6J mice (The Jackson Laboratory) and Tet2-/- mice (The Jackson 

Laboratory) were crossed with OT-1+ mice (C57BL/6-Tg(TcraTcrb)1100Mjb/J, The 

Jackson Laboratory) with transgenic T cell receptocan recognize ovalbumin (OVA257-264) 

in the context of CD8 co-receptor interaction with MHC class I. Crossed mice \6-20 

weeks in age were used for CD8+ T cell isolation and I vivo experiments. CD45.1+ mice 

(B6.SJL-Ptprca Pepcb/BoyJ, The Jackson Laboratory, or a kind gift from Dr. Goodell, 

BCM), age between 6-12 weeks, were challenged with B16-OVA mouse melanoma 

tumor cells then used as recipients for adoptive T cell transfer. All mice were maintained 

in the animal facility at the Institute of Biosciences and Technology, Texas A&M 

University. All animal studies were approved by the Institutional Animal Care Use 

Committee (IACUC) of the Institute of Biosciences and Technology, Texas A&M 

University. 

 

Mouse T cell isolation and in vitro culture 

CD8+ T cells were isolated using a mouse CD8a+ T Cell Isolation Kit (Miltenyi 

Biotec). Briefly, harvested spleens and lymph nodes from WT-OT1+ and Tet2-/- OT1+ 

mice were ground and filtered with 70-µm cell strainers (Falcon) to remove debris. The 

suspended cells were treated with ACK lysis buffer (Fisher Scientific) to lyse red blood 

cells, and residual cells were purified for total CD8+ T cell isolation, using the T cell 

isolation kit according to the manufacturers’ protocol. Purified CD8+ T cells were 
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activated by anti-CD3 (clone 17A2, InVivoMAb), anti-CD28 (clone 37.51, InVivoMAb) 

and high dose of mouse IL-2 (100 units/ml, eBioscience). Then they were placed on pre-

coated plate with Goat anti-Hamster IgG (H+L, Invitrogen). After 2 days of culture, T 

cells were removed from original coated plate and recultured with low dose of mouse 

IL-2 (20 units/ml, eBioscience). Activated T cells were used for adoptive T cell transfer 

experiment.  

 

B16-OVA tumor model97 and adoptive T cell transfer 

B16-OVA mouse melanoma cells (a kind gift from Dr. Anjana Rao, La Jolla 

institute for Immunology, CA) were cultured in complete Dulbecco's Modification of 

Eagle's Medium (DMEM) and passaged at least two times before injection. 

CulturedB16-OVA cells were trypsinized and washed with 1X PBS and diluted at 6 

million cells/ml. Prepared B16-OVA cells were injected intradermally into the lower 

back of CD45.1+ mice. Tumor sizes were measured and recorded each day. In 10-12 

days after B16-OVA inoculation, in vitro cultured and activated WT-OT1+ and Tet2-/- 

OT1+ CD8+ T cells were retroorbitally injected on tumor bearing CD45.1+ mice. The 

injected T cell number is fixed (2 million cells, diluted at 10 million cells/ml in PBS then 

injected 200 ul). Mice were killed on day 3 and day 8 after adoptive T cell transfer.  

 

Harvesting materials including tumor infiltrating lymphocytes (TILs)  

Spleens, peripheral blood, and tumor mass were dissected at specific time points 

after adoptive T cell transfer. Spleens and peripheral blood undergo red blood cell lysis 
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step with ACK lysis buffer and were used for downstream flow cytometry analysis. 

Dissected tumors were cut in pieces, using ultra fine scissors and tweezer, then incubated 

in RPMI media with Liberase TL (100 µg/mL, Roche) for 15 min at 37 °C.  

After that, we added the same amount of Liberase onto the sample and incubated 

for additional 10 min at 37 °C. Suspended tissues were passed through 70-µm cell 

strainers (Falcon), then washed with PBS several times. Cell suspensions then were 

labeled with mouse anti-CD63-biotin (Miltenyi Biotec), followed by anti-biotin 

microbeads (Miltenyi Biotec), and passed through magnetic column to specifically 

remove B16-OVA cells. Roughly purified TILs were stained immediately with different 

cell surface markers for sorting for single cell (sc) RNA-seq and flow cytometry 

analysis. For scRNA-seq sample preparation, samples from different mice in the same 

group were pooled together to increase cell yield. All antibodies are listed below.     

 

In vitro re-stimulation for cytokine staining   

In vitro activated CD8+ T cells (before injection, Day 0 control) and purified 

TILs with anti-CD63 antibody were plated in 48-well plate with enough density (at least 

0.25 million cells/well). Then we added T cell media containing 10 nM of PMA (Sigma-

Aldrich), 500 nM of ionomycin (Thermofisher), and 1 µg/ml of brefeldin (BioLegend). 

The plate was Incubated for 4 hours at 37 °C. After incubation, the cells were stained 

with appropriate cell surface antibodies (CD45.1, CD45.2 and CD8). Then the cells were 

fixed and permeabilized with BD Cytofix/Cytoperm™ Fixation/Permeabilization 
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Solution Kit (BD biosciences). Fixed and permeabilized cells were stained with 

cytokines antibody (IFNG and TNFA) and advanced to flow cytometry analysis.  

 

In vitro cytotoxicity assay  

We prepared CD8+ T cells from WT-OT1+ and Tet2-/- OT1+ mice, as described in 

Mouse T cell isolation and in vitro culture, that were at least 2-day activated. B16-OVA 

cells were labeled with Cell Proliferation Dye with APC (eBioscience), then plated 

250,000 B16-OVA cells on 24-well plate and incubate for 1 hour at 37 °C. After an 

hour, media were removed and we added 4X amount of activated T cells with complete 

T cell media onto pre-plated, labeled B16-OVA cells. These were incubated for 4 and 8 

hours at 37 °C. Co-cultured cells were then washed twice with 1X PBS and stained dead 

cells with CellEvent™ Caspase-3/7 Green Detection Reagent (Invitrogen), according to 

the manufacturers’ instructions. Double stained populations were examined by flow 

cytometry. Plating cell numbers and effector and target cell ratio were optimized 

previously.   

 

Anti-PD-L1 treatment 

Anti–PD-L1 Ab (clone no. 10F.9G2, BioXCell), or control anti-KLH rat IgG2b 

(BioXCell) were treated in certain groups of animals. Two different inoculations were 

performed on Day 3 and Day 6 after adoptive T cell transfer into tumor-bearing mice. 

Antibodies were injected intraperitoneally (IP) with 200 µg per mouse at each time. 
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 Single-cell RNA-seq (scRNA-seq) library preparation and sequencing analysis 

Dissected tumors were digested twice with 100 µg/mL of Liberase TL (Roche), 

and suspended tissues were passed through 70-µm cell strainers (Falcon). Then cell 

suspension was stained with anti-mouse CD45.2 and anti-mouse CD8 antibodies that 

conjugated with fluorescence dye for flow cytometry. The CD45.2+CD8+ population 

was sorted out by FACSFusion Cell sorter (BD Biosciences). Wes generated ingle-cell 

RNA-seq libraries using the Chromium Single-Cell 3′ Reagent V2 Kit (10× Genomics), 

according to the manufacturer’s protocol. Briefly, barcoded single cell Gel Bead-in-

Emulsion (GEMs) was generated in a Chromium Controller (10× Genomics). Then RNA 

transcripts, isolated from single cells. were reverse transcribed, amplified, and 

fragmented.  

Last, adapter and indices were incorporated into the fragmented cDNA. 

Concentration. Size distribution of pre-amplified cDNA and generated libraries were 

measured by Bioanalyzer with Agilent High Sensitivty DNA Kit (Agilent). Libraries 

were normalized in certain concentrations and pooled in an equimolar ratio, then 

sequenced on NextSeq 500 (Illumina) with NextSeq 500/550 High Output Kit v2.5 

(single-end reads, 75 Cycles), with a customized paired-end, dual indexing (26/8/0/58-

bp) format, as recommended by 10 x Genomics.  

The illumina bcl2fastq (version, 2.20.0.422) was firstly used to demultiplex the 

raw sequencing data into fastq files. Cellranger (version, 3.0.2) was used to align raw 

fastq files to mm10 reference genome and perform barcode and UMI counting. The 

count matrix for each gene of each cell was taken as input file for R package Seruat 
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(version, 2.3). Reads with the same UMI were combined and then annotated to ensemble 

genes (mm10). To ensure the data quality, the genes detected in less than 10 cells and 

the cells with less than 20 genes were filtered out firstly from each dataset. We used the 

first 8 principle components to perform cell cluster and t-Distributed Stochastic 

Neighbor Embedding (t-SNE) with resolution = 0.4. To identify the marker genes, 

differential expression analysis was performed by FindAllMarkers function with 

Wilcoxon rank sum test. Violin plots were generated using Seurat Vlnplot function. The 

raw reads of different CD8+ tumor-infiltrating lymphocytes (TILs) cells (bulk RNA-seq 

dataset) were downloaded from GSE122969, and the data analysis was similar to RNA-

seq data of this study. The heatmap of scaled gene expression level across top 20 

significant marker genes for each cluster was plotted by R package ComplexHeatmap. 

 

RNA-seq library preparation and sequencing analysis 

First, isolated total RNA from in vitro activated CD8+ T cells, purified TILs with 

anti-CD63 antibody from Day 3 and Day 8 collected tumors, were used to select mRNA 

using NEBNext Poly(A) mRNA Magnetic Isolation Module (NEB) by incubating with 

oligo-dT beads magnetic beads. Then we used mRNA to generate RNA-seq library with 

NEBNext Ultra™ II Directional RNA Library Prep Kit for Illumina (NEB), based on 

manufacturers’ protocols. Briefly, selected mRNA was converted into cDNA through 

two rounds of cDNA synthesis. Then adaptor for illumine sequencing system was ligated 

into cDNA, followed by final library amplification with illumine TruSeq single indices 

(NEB). Constructed libraries were purified with AmpureXP beads. 
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 Constructed library size was determined by Bioanalyzer with Agilent High 

Sensitivity DNA Kit (Agilent). Library concentration was measured by Qubit 4 

Fluorometer with Qubit dsDNA high sensitivity assay kit (Thermofisher). Normalized 

libraries were pooled in an equimolar ratio and sequenced on NextSeq 500 (Illumina) 

with NextSeq 500/550 High Output Kit v2.5 (single-end reads, 75 Cycles), following the 

manufacturers’ protocols. 

To process the sequencing data, low quality bases and adaptor were trimmed 

using TrimGalore v.0.5.0 with default parameters 

(https://github.com/FelixKrueger/TrimGalore). Clean reads of RNA-seq data were 

aligned to mm10 reference genome using Hisat2 (version, 2.1.0) with default parameters 

and only uniquely mapped reads were used for downstream analysis. Count matrix for 

each gene were generated using htseq-count (HTSeq package). DESeq2 was used to 

identify significantly differentially expressed genes (DEGs) in TET2 knockout and wild-

type samples between different time points (fold change ≥ 2; FDR < 0.05). In-house R 

scripts were used to plot the volcano and scatter plots for DEGs.  The ‘ClusterProfilter’ 

package in R was performed for the functional enrichment analysis of DEGs in KEGG 

pathways. Hierarchical cluster analysis of the union DEGs was used to determine group-

specific signature genes.  

 

ATAC-seq library preparation and sequencing 

ATAC-seq library preparation was performed, as previously described2. In brief, 

nuclei were isolated from 50,000 cells (freshly prepared) in lysis buffer (10 mM Tris-HCl, 
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pH 7.4, 10 mM NaCl, 3 mM MgCl2, 0.1% IGEPAL CA-630), then transposition reaction 

was performed using Illumina Nextera DNA library preparation kit at 37 °C for 30 

minutes. Tagmented DNA fragments were purified using the MinElute PCR purification 

kit (Qiagen), and purified DNA were amplified with KAPA real-time library amplification 

kit (Roche), with careful monitoring to prevent overamplified library generation. 

Amplified libraries were than purified with AmpureXP beads. Size and concentration 

measurements of constructed libraries and pooling normalized libraries were performed 

as described in the RNA-seq library preparation section. Equimolarly combined libraries 

were sequenced on NextSeq 500 (Illumina) with NextSeq 500/550 High Output Kit v2.5 

(paired-end reads, 150 Cycles), following the manufacturers’ protocols.  

Adaptor trimming of raw reads were performed by TrimGalore v0.5.0 with 

default parameters, and high-quality (Q ≥ 20) reads were uniquely aligned to mm10 

reference genome using Bowtie2 with ‘--very-sensitive’ option. Only uniquely mapped 

reads were finally extracted for downstream analysis. The resulting alignment of each 

sample (with two biological replicates) were analyzed by Genrich v.0.5 

(https://github.com/jsh58/Genrich) with ATAC-seq mode (option: -j, -q 0.05, -d 150) 

and the options to remove PCR duplicates (-r) and to discard alignments to chrM (-e 

chrM) to call ATAC peaks. Bedtools merge was used to count the reads fall into non-

overlapped peak regions, and the significantly Differential Accessible Regions (DARs) 

were detected using DESeq2 with normalized peak signals (fold change ≥ 2; FDR < 

0.05). Venn diagram was plotted using R package ggplot2 to find group-specific 

chromatin changed regions. Motif annotation of DARs was performed using HOMER 
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software. GREAT analysis with single-nearest genes option was used to perform the 

functional annotation of DARs. 

 

Results 

Generating WT/Tet2KO-OT1+ mice  

To establish a mouse model of melanoma, we used a B16-OVA melanoma cell 

line (a kind gift of Dr. Rao lab, La Jolla Institute for Immunology, La Jolla, CA), 

modified to express the exogenous antigen chicken ovalbumin (OVA)97, 98. OT-I mice 

donated OT-I+ CD8+ T cells that have the transgenic T cell receptor designed for 

recognizing ovalbumin peptide in the context of CD8 co-receptor. WT-OT-I+ mice 

(C57BL/6-Tg(TcraTcrb)1100Mjb/J) were crossed with Tet2-/- mouse, generating  the  

 

Figure 3-1. Genetic scheme for generating Tet2-/- OT-I+ mouse and OT-I+ 
transgene confirmation. To generated OT-I transgene expressed Tet2-/- mice, Tet2-/- 
mice was mated with OT-I+ mice (the Jackson Laboratory). In F1 generation, Tet2+/- 
containing OT-I transgene mice were selected and crossed. Tet2-/--OT-I+ mice were 
generated by the Mendelian laws of inheritance in F2 generation. OT-I transgene and 
Tet2 knockout were confirmed by PCR.  
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desired model that bears OT-I transgene in a Tet2-/- background (Figure 3-1). We 

observed that the Tet2-/--OT-I+ male is less fertile than Tet2 heterogenous. Hence, the 

Tet2+/--OT-I+ pair was used for breeding.  

Next, we generated a mouse immunotherapy model. To distinguish between the 

endogenous and adoptively transferred CD8+ T cells, CD45.1+ (B6.SJL-Ptpr 

Pepcb/BoyJ) mice (a kind gift from Dr. M. A. Goodell, Baylor College of Medicine, 

Houston, TX) were used as a recipient. 

 First, 300,000 of B16-OVA cells were injected intradermally into CD45.1+ WT 

mice97 (Figure 3-2). In this widely established model, we tried to control the aggressive  

 

 

Figure 3-2. Flowchart of experiment: generating mouse melanoma models and 
adoptive T cell transfer. The B16-OVA mouse melanoma cell line expressing the 
ovalbumin protein was cultured in Dulbecco modified eagle medium (DMEM) with 10% 
FBS and passaged several times before inoculation. At the time of injection, cells were 
trypsinized and resuspended in DPBS. B6.SJL-Ptprca Pepcb/BoyJ CD45.1 female mice 
(12–16 weeks old) were injected intradermally with B16-OVA cells (50 µL per 
injection). Tumor measurements were recorded manually each day, and the tumor area 
was calculated in centimeters squared (length × width). After 10-12 days of tumor cell 
injection, we collected WT and Tet2-/- OT-I+ CD8+ T cells, activated in vitro, were 
washed and resuspended in PBS, then injected into the retroorbital vein in anesthetized 
mice bearing B16-OVA tumors. Mice were killed on day 8 after adoptive T-cell transfer, 
then TILs were isolated.  
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growth of the B16-OVA tumor by adoptive T cell transfer. After 10-12 days of tumor 

injection, each genotype (WT and Tet2-/--OT-I+) of 2 million of CD8+ T cells was 

adoptively transferred retroorbitally. Injected CD8+ T cells were isolated from OT-I 

expressing WT and Tet2-/- mice and activated in vitro with appropriated cytokines for 2-

3 days. Tumor size was measured and recorded in each day, and mice were sacrificed on 

day 3 and day 8 after adoptive T cell transfer.   

 

 

Figure 3-3. Growth curves of injected B16-OVA tumor. Growth profiles of B16-
OVA tumors inoculated intradermally into B6.SJL-Ptprca Pepcb/BoyJ CD45.1+ 
recipient mice. On day 11 after tumor inoculation (red box), OT-I+ CD8+ T cells were 
adoptively transferred into tumor-bearing mice retroorbitally. Tumor size was measured 
and recorded each day. The graph shows the relative value of tumor progression upon 
tumor injections; n = 20 mice per group. The average ±SE is shown. Mice transferred 
with Tet2KO CD8+ T cells shows dramatic reduction of tumor growth and reduced 
tumor progression. * p<0.05; ** p<0.005  
  



 

57 

 

 Compared to control tumor-bearing mice adoptively transferred with WT-OT-I+ 

CD8+ T cells, tumor-bearing mice adoptively transferred with Tet2-/- OT-I+ CD8+ T cells 

showed a strong delay of tumor progression and up to 80% reduction of the tumor size 

(Figure 3-3). Tumor size differences were detected as early as 3 days after adoptive T  

cell transfer. We performed at least 3 independent sets of experiments and observed the 

same trend every time. This finding suggests that Tet2 ablation in CD8+ T cells could 

reduce the tumor burden. 

 

Comparison of Wild type and Tet2-deficient Cytotoxic T Cells Within the Tumor 

Microenvironment. 

To obtain the molecular insight into this phenotype, we first checked the 

percentage of injected CD8+ tumor infiltrating T cells (TILs) in tumor by using flow 

cytometry. The absolute number of each cells varies greatly among individual mice  

 

Figure 3-4. Gating strategies to identifying CD8+ CD45.1+ endogenous and 
CD8+CD45.2+ injected TILs. Representative flow cytometry. A flow cytometry plot 
showing (left) lymphocyte population gating in tumor mass, (middle) CD8+ T cell 
population in lymphocytes and (right) distinct CD45.1+ and CD45.2+ population within 
CD8+ cells. 
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based on collected tumor size. We recorded and analyzed the percentage of each  

CD45.1+ and CD45.2+ population within total tumor mass. The gating strategy of flow 

cytometry plot is presented in Figure 3-4. Flow cytometry data analysis indicated that  

injected CD45.2+ Tet2-/- TILs are substantially increased in tumors isolated from our 

immune therapy model at 8 days after adoptive T cell transfer (Figure 3-5A). 

To verify the exact timing of the growth advantage in the Tet2 deficiency 

condition, we checked the percentage of CD45.2+ TILs in tumor at different time points. 

Tumor-bearing, adoptive T cell transferred mice were sacrificed at 3 days and 5 days 

after adoptive T cell transfer, then TILs were isolated for flow cytometry analysis. 

Interestingly, augment TILs expansion in disrupted Tet2 condition was observed only at 

the Day 8 time point (Figure 3-5B), suggesting that Tet2 deletion in CD8+ T cells  

 

 

Figure 3-5. Tet2-deficient confers growth advantage to CD8+ T cells. A. Tet2KO 
tumor infiltrating CD8+ T cells show dramatic increase of cell numbers in a tumor 
isolated from a melanoma injected mouse after 8 days of adoptive T cell transfer. B. 
Tet2KO derived growth advantage is exhibited only on the Day 8 condition.  
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confers growth advantage, but also enhances cytolytic activity, as notable tumor 

regression in the Tet2-/--OT-I+ CD8+ T cells transferred group was noted in 3 days after 

adoptive T cell transfer.  

The percentage of injected WT-OT-I+CD8+ and Tet2-/--OT-I+ CD8+ T cells data 

in the day 8 condition was collected in three different sites (total tumor mass, spleen, and 

peripheral blood). Then we normalized the percentage into WT-OT-I+CD8+ T cells in 

order to see whether the observed growth advantage on tumor foci was local or global. 

Tet2-/--OT-I+ CD8+ T cells exhibited a notable growth advantage when compared with  

 

 

Figure 3-6. Tet2 alters CD8+ T cell behaviors in B16-OVA tumor bearing mice.  
A. Quantification of relative fold change of CD45.2+CD8+WT and Tet2KO T cells in 
tumor (TILs), spleen (SPL) and peripheral blood (PB). CD45.2+CD8+ Tet2KO condition 
exhibited a notable growth advantage over the corresponding WT group in all three 
organs. The percentage of injected CD8+ T cells was measured and normalized by WT in 
each organ. B. Quantification of the percentage of WT and Tet2KO CD45.2+CD8+T 
cells (among all the analyzed CD8+T cells) within tumor, spleen and peripheral blood. 
Tet2KO CD8+ T cells tend to have high enrichment at tumor foci, compared with the 
WT condition, by tracking the distribution on CD45.2+cells in different organs. Bars 
show values with multiple data points for independent experiments. 
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the control group in all three sites (Figure 3-6A). However, endogenous CD8+ T cells 

did not show the increased cell numbers in spleen and peripheral blood (data not shown). 

Next, we examined the distribution of injected WT and Tet2-/--OT-1+CD8+ T 

cells by calculating the percentage of those cells in tumor foci, spleen, and peripheral  

 

Figure 3-7. Injected Tet2KO CD8+ OT1+ TILs exhibit activated T cell phenotypes 
in day 3 condition. A. Quantification of PD-1, Tim-3 single positive and double 
positive population in WT and TET2KO CD45.2+ CD8+ TILs isolated at different time 
points. B. Quantification of cytokine production after re-stimulation with PMA and 
ionomycin in WT and Tet2KO CD45.2+ CD8+ TILs isolated in different time points. 
Bars show values with multiple data points for independent operations. 
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blood. The result showed that Tet2-/--OT-1+CD8+ T cells tend to have high enrichment at 

tumor foci, compared with WT condition (Figure 3-6B). Interestingly, endogenous CD8+ 

T cells (CD45.1+; all the cells are wild-type) also showed higher enrichment at the tumor 

site, indicating possibility of interaction between injected and endogenous CD8+ T cells. 

To understand why Tet2 disrupted CD8+ TILs exhibit considerable tumor 

reduction, we examined expression levels of specific cell surface markers in isolated 

TILs. We examined T cell activation markers, CD44 and ICOS, and exhaustion markers, 

PD-1 and Tim-3, by flow cytometry, following the strategy mentioned above (Figure 3-

4).  

Interestingly, both activation and exhaustion markers, including single positive 

and double positive, indicated substantial increase only in Day 3 samples (data not 

shown and Figure 3-7A). We noted that rapidly activated T cells also express exhaustion 

markers. Also, we found that expression levels of tumor necrosis factor-alpha (TNFa) 

and interferon-gamma (IFNg) significantly increased in Tet2-/--OT-1+CD8+ T cells in the 

day 3 condition.  

TNFa and IFNg are major cytokines that are critical for both innate and adoptive 

immune responses. TNFa is a multifunctional molecule involved in the regulation of a 

wide spectrum of biological processes, including cell proliferation, differentiation, and 

apoptosis. IFNg is well known for its immunostimulatory and immunomodulatory 

functions, produced predominantly by CD8+ cytotoxic T lymphocytes after developing 

antigen-specific immunity99. Therefore, increased expression of those cytokines 

generally is considered as a sign of activated state of immune cells.  
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To confirm whether activated Tet2 deleted TILs show increased ability to fight 

cancer, we performed an in vitro cytotoxicity assay, using co-cultured B16-OVA cells 

with either WT or Tet2 disrupted OT-I+ CD8+ T cells. Each CD8+ T cell was isolated 

from WT and Tet2-/--OT-I+ mice, and activated with CD3, CD28, and an appropriate  

 

 

Figure 3-8. In vitro cytotoxicity test using co-cultured B16-OVA cells with WT and 
Tet2KO CD8+ T cells. A. Flowchart of experiment. CD8+ T cells were isolated from 
WT and Tet2KO OT1+ mice and activated in vitro with cytokines for 2 days. B16-OVA 
cells were labeled with cell proliferation dye to recognize them after co-culture. Pre-
stained B16-OVA cells were plated on cell culture plate. Then 4X number of each T cell 
were plated on top of the B16-OVA. Cells were co-cultured with T cell specific medium 
for 4 and 8 h, followed by dead cell staining with FITC-conjugated caspase. B. 
Quantification of cytotoxicity of B16-OVA cells. Caspase positive population is 
considered as dead cells. Both 4 and 8 hours of co-culture condition showed a similar 
trend.   
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dose of IL-2 for 2-3 days in vitro. Then the optimized ratio of pre-labeled B16-OVA and 

OT-I+ CD8+ T cells (1:4) was co-cultured in T cell specific media for 4 and 8 hours.  

After incubation, killed B16-OVA cells were stained with Caspase and detected 

by flow cytometry. Compared to WT control, depletion of Tet2 confers increased  

cytotoxicity on TILs (Figure 3-8), as we expected. Conclusively, disrupted Tet2 in CD8+ 

T cells has increased antitumor efficacy by promoting proliferation and cytotoxicity of 

CD8+ T cells.   

 

Effect of anti-PD-L1 treatment on tumor progression 

PD-1 is a surface receptor that negatively regulates TCR responses100. Immunotherapy 

targeting the PD-1/PD-L1 axis (check point blockade) has shown remarkable results in 

certain types of cancer, including melanoma101, 102. Although it is clinically proven and 

accepted for therapy, few patients receive a favorable prognosis. More detailed 

mechanism and cofactors should be examined to maximize its therapeutic potential.  

 

 

Figure 3-9. Flowchart of experiment: generating mouse melanoma models and 
adoptive T cell transfer with PD-L1 antibody treatment. The same experimental 
procedure was used as described in Figure 2. Anti PD-L1 antibody was treated twice on 
Day 3 and Day 6 after adoptive T cells transfer. 
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Continuing the research process, we observed augmented PD-1 expression in 

Tet2 deleted TILs. To examine whether the blocking PD-1 signaling pathway in our 

immunotherapy model induced change in tumor progression, we generated  

immunotherapy with the same method described previously in this chapter. Then we 

injected 200 µg of anti-PD-L1 antibody per mouse (Figure 3-9). For the control group, 

anti-rat IgG2b was used with same amount.  

Anti-PD-L1 treatment showed dramatic regression of tumor growth in the WT-

OT-I+CD8+ T cell injected group. However, it did not show statistically significant 

change in Tet2-/--OT-I+CD8+ T cell injected group (Figure 3-10), indicating Tet2  

 

 

Figure 10. Growth curves of injected B16-OVA tumor with anti-PD-L1 treatment. 
Growth profiles of B16-OVA tumors inoculated intradermally into B6.SJL-Ptprca 
Pepcb/BoyJ CD45.1+ recipient mice. On day 11 after tumor inoculation (red box), OT-I+ 

CD8+ T cells were transferred adoptively into tumor-bearing mice retroorbitally. Tumor 
size was measured and recorded each day. The graph shows the relative value of tumor 
progression upon tumor injections; n = 20 mice per group. Theaverage ±SE is shown. 
Mice transferred with Tet2KO CD8+ T cells show a dramatic reduction of tumor growth 
and reduced tumor progression. Anti-PD-L1 treatment exhibited a notable decrease of 
tumor volume in WT, but not in the Tet2KO condition. 
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deficiency in TILs have at least a similar effect with anti-PD-L1 treatment. Results also 

show that increased PD-1 expression in Tet2 deleted TILs is certainly a marker for an 

activated state of CD8+ T cells, rather than an exhausted state.   

 

Single-cell RNA-seq (scRNA-seq) revealed enhanced activation of Tet2KO TILs 

To further identify the cell populations contributing to anti-tumor immunity, we 

performed scRNA-seq analysis in CD45.2+CD8+ TILs in four experimental groups (WT, 

Tet2KO, WT + anti-PD-L1, and Tet2KO + anti-PD-L1) on 8 days after adoptive T cell 

 

Figure 3-11. Dissection and clustering of Tumor infiltrating lymphocytes in isolated 
tumor mass. The t-SNE (t-distributed stochastic neighbor embedding) projection of 
scRNA-seq data obtained from wild-type (WT) (cyan) and Tet2KO (red) (left), WT with 
control (red) and WT with PD-L1 antibody treated (cyan) (middle) and Tet2KO with 
control (red) and Tet2KO with PD-L1 antibody (cyan) (right) treated tumor infiltrating 
lymphocytes.  
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transfer (Figure 3-11). We observed three major groups of cells from our analysis: TILs 

(CD8+), monocytes (F4/80+), and B16-OVA tumor cells (CD63+) (Figure 3-11 and 12). 

We performed cross-comparison analysis between WT and Tet2KO without anti- PD-L1 

treatment, WT with and without anti-PD-L1 treatment, and Tet2KO with and without 

anti-PD-L1 treatment. From these analyses, we observed that the Tet2KO group 

exhibited significant reduction of B16-OVA tumor cells, compared with the WT group 

(Figure 3-11 left). Similarly, in the WT group, anti-PD-L1 treatment also displayed  

 

 

Figure 3-12. Subtype analysis based on scRNA-seq gene expression. t-SNE plot of 
scRNA-seq data collected from WT with or without PD-L1 antibody treated and 
Tet2KO with or without PD-L1 antibody treated tumor infiltrating lymphocytes. WT 
treated with PD-L1 antibody and all Tet2KO groups showed significant reduction of 
tumor cell population and increased CD8+ population when compared with WT control 
antibody treated condition.   
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notable decreased B16-OVA tumor cells, compared with untreated group (Figure 3-11 

middle). The anti-PD-L1 treatment has minor effects within Tet2KO group compared 

with untreated group (Figure 3-11, right).  

These results are highly consistent with our experimental results shown in 

Figure10. Since our analysis is focused on CD8+ TILs, we then selected CD8+ T cells 

among four experimental groups, and performed cluster analysis. We identified 5 major 

clusters in selected CD8+ TILs. Our analysis showed that the distribution of cells from 

four experimental groups varies within 5 clusters (Figure 3-13A). Cluster 0 showed 

similar cellular distribution among four groups, while anti-PD-L1 treatment resulted in 

significantly decreased cell number in cluster 1 and 2. Tet2KO led to increased cell 

numbers in cluster 3 and 4; while anti-PD-L1 treatment promotes the cell number only in 

WT group in cluster 3 and 4, but not in Tet2KO group (Figure 3-13A). 

 To further characterize the cell types within clusters, we downloaded publicly 

available RNA-seq data from the purified subsets of CD8+ T cells, including naïve, 

effector, memory CD8+ T cell (GEO database, GSE122969), PD1+Tim3+ double positive 

CD8+ TILs, with and without anti-PD1 treatment (GEO database, GSE122969). Then we 

selected the top 20 differentially expressed genes among these groups and checked the 

expression level of these genes within identified 5 clusters.  

 Based on the gene expression pattern, the cluster 0, 1 and 2 are an exhausted-like 

cell. On the other hand, cluster 3 and 4 exhibited activated CD8+-like feature (Figure 3-

13B). This analysis further confirmed that Tet2 deletion has minor effects on CD8+ T 

cell exhaustion, but significantly contributed to CD8+ T cell activation during anti-tumor 



 

68 

 

 

Figure 3-13. Cluster analysis based on scRNA-seq gene expression. A. Quantification 
of cell number in each group. B. Heat map presentation of expression data of T cell 
differentiation-associated differentially expressed genes (DEGs) in each cluster. DP: PD-
1+Tim3+ double positive, DP+aPD1: PD-1+Tim3+ double positive with anti-PD-1 
treatment. RNA-seq data were obtained from Gene Expression Omnibus (GEO 
database). 
 

immunity. However, the anti-PD-L1 treatment significantly reduced the exhausted TILs 

during anti-tumor immunotherapy.  

 

Tet2 deletion enhances the transcription of anti-tumor related gene  

From scRNA-seq analysis, we observed that CD45.2+CD8+ selection contains 

B16-OVA tumor cells and monocytes, which both highly express CD63. To further 
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investigate how Tet2 regulates CD8+ TILs during anti-tumor immunity, we then purified 

CD63-CD45.2+CD8+ T cells from tumor tissue and performed RNA-seq  

(transcriptome) and ATAC-seq (chromatin accessibility) analysis at days 0, 3, and 8  

 

 

Figure 3-14. Analysis on RNA-seq and ATAC-seq data obtained from WT and 
Tet2KO TILs at different time points A. Flowchart of experiment. CD63-

CD45.2+CD8+ T cells were isolated from tumor in each group of mice, then mRNA and 
50,000 of nuclei were prepared for downstream analysis. B. PCA plot of RNA-seq (left) 
and ATAC-seq data. C. Volcano plot illustrating the differentially expressed genes 
(DEGs) between Day 0 and Day 3 groups in both WT and Tet2KO TILs (p value <= 
0.05 and |log2 fold change|>1). D. Dot plots depicting the number (Day 3 over Day 0) of 
ATAC signals (Y-axis) at WT (up), or Tet2KO ITLs (down) of DEGs which are 
downregulated (blue), or upregulated (red) in Day 3 compared to Day 0. 
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after adoptive transfer (Figure 3-14A). We observed dramatic changes of gene 

expression, and chromatin accessibility at different days after adoptive transfer (Figure 

3-14B and C) during anti-tumor process.  

By comparing the RNA-seq and ATAC-seq data, we observed dramatic 

transcriptome and epigenetic remodeling events in both WT and Tet2KO TILs (Figure 

3-14C). Consistent with previous research, we observed a strong positive association 

between transcription changes and chromatin accessibility in analyzed TILs (Figure 3-

14C), suggesting that epigenetic remodeling is one of key regulators contributing to 

transcription output during anti-tumor immunity.  

 

Figure 3-15. Venn diagram showing the degree of overlaps between WT and 
Tet2KO. Differentially expressed genes (DEGs) in Day 0 vs Day 3, Day 0 vs Day 8, and 
Day 3 vs Day 8, within WT and Tet2KO, were categorized first. This revealed the 
overlap between WT and Tet2KO DEGS. 
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 To further examine the function of Tet2 during this process, we first compared 

differentially expressed genes (DEGs) between WT and Tet2KO groups to identify WT- 

or Tet2KO-specific DEGs during anti-tumor immunity at different days (Figure 3-15). In  

total, we identified 12 groups of WT- or Tet2KO-specific DEGs by comparing gene 

expression at different days after adoptive transfer (D0 vs 3, D0 vs 8, and D3 vs 8) 

(Figure 3-15, 3-16A and B). The Gene Set Enrichment Analysis (GSEA) showed that the 

genes that are specific up-regulated in Tet2KO TILs are enriched with cytokine  

production and immune signaling pathways (e.g., Interferon-gamma responding genes) 

(Figure 17); while genes that are specific down-regulated in Tet2KO TILs are associated  

 

 

Figure 3-16. Dynamic changed in gene expression in WT and Tet2KO TILs at 
different time points. A. Visualization of differentially expressed genes (DEGs) in each 
group. DEGs in Day 0 vs Day 3, and Day 3 vs Day 8, within WT and Tet2KO each were 
categorized and compared (up), or DEGs in WT and Tet2KO were compared on Day 0, 
Day 3, and Day 8 (down). B. Heat map presentation of DEGs WT and Tet2KO in 
different time points in each cluster. 
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with cell cycle and proliferation (e.g., Cdk1, Aurka, centromere proteins) (Figure 3-17).  

One the other hand, the genes that are specific up- or down-regulated in WT TILs  

 

 

Figure 3-17. Gene set enrichment analysis (GSEA). Left, WT-specific up or down 
regulated DEGs analyzed in different time points of data set (Day 0 vs Day 3, Day 0 vs 
Day 8, and Day 3 vs Day 8, respectively), Right, Tet2KO-specific up or down regulated 
DEGs analyzed in different time points of data set (same with WT condition). 
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are associated with certain house-keeping functions, such as metabolism (e.g., 

cytochrome c oxidase family members), RNA processing (e.g., WD repeat domains), 

and extracellular matrix function (e.g., laminin subunits) (Figure 3-17). These data 

suggested that Tet2 deficient TILs exhibited enhanced anti-tumor immunity by 

increasing the transcription of cytokines and innate immune related genes. 

 

Tet2 deficiency reshapes the chromatin accessibility in TILs 

Next, we performed a similar comparison analysis using ATAC-seq analysis 

(Figure 3-18A and B). We first identified the differential enriched region between Day 0 

and 3, Day 0 and 8, and Day 3 and 8 within WT or Tet2KO TILs. From this analysis, we  

 

 

Figure 3-18. Comparison of opened and closed regions of chromatin in WT and 
Tet2KO TILs at different time points. A. Venn diagram showing the degree of 
overlaps between WT and Tet2KO. Different ATAC peaks in Day 0 vs Day 3, Day 0 vs 
Day 8, and Day 3 vs Day 8, within WT and Tet2KO. Each was categorized first, then the 
overlap between WT and Tet2KO ATAC peaks was displayed. B. Visualization of 
ATAC peaks in each group. ATAC peaks in Day 0 vs Day3, and Day 3 vs Day 8, within 
WT and Tet2KO. Each was categorized and compared.  
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observed dramatic increased chromatin accessibility from day 0 to day 3, and 

pronounced closed chromatin from day 3 to day 8 during this anti-tumor process in WT 

TILs (Figure 3-18A and B). To further investigate how Tet2 regulates the function of  

 

 

Figure 19. Motif heatmap & ATAC-seq peaks. A. Enrichment of motif in WT (left) 
and Tet2KO (right) specific opened chromatin regions between Day 0 and Day 3. The 
color scale represents –log10 (P-value), and the circle size represents the fraction of 
peaks with each motif. B. Normalized ATAC signals plot (top) and heatmap (bottom) 
representations of BATF and ETS1 binding loci (±5 kb) in Day 0 and 8 of WT and 
Tet2KO TILs. The color scale in each heatmap, from blue to white, represents high to 
low normalized signal. 
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TILs during this process, we identified WT- or Tet2KO-specifically changed chromatin 

accessible regions (Figure 3-18A and B). Accumulated studies report that chromatin 

accessible regions are critical for transcription factor (TF) binding.  

We then analyzed the enrichment of TF motifs within identified WT- or Tet2-

specifically regulated chromatin accessible regions (Figure 3-19A). Interestingly, we 

observed enrichment of bZIP and Ets motifs within WT- and Tet2-specific regulated 

regions, respectively (Figure 3-19B). To validate this observation, we compared ATAC-

seq data collected from this study with published Batf (bZIP family) and Ets1 (Ets 

family) ChIP-seq data. Indeed, we observed differential enrichment of Batf and Ets1 in 

WT and Tet2KO TILs at Day 0 and Day 3. At Day 0, the chromatin accessibility of Batf 

and Ets1 in Tet2KO CD8+ T cells is significantly higher than the WT group, suggesting 

high activity of Tet2KO CD8+ T cells. At day 3, the chromatin accessibility of Batf 

decreases in Tet2KO groups, but not in the WT group; while the chromatin accessibility 

of Ets1 is increased in WT, but not in Tet2KO groups. These results are consistent with 

the motif enrichment analysis, suggesting that Tet2 deletion reshapes the chromatin 

accessibility of bZIP and Ets TF families in TILs.  
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Discussion 

In this chapter, I generated an immune therapy model using a B16-OVA mouse 

melanoma cell line to examine how the Tet2 deficiency in immune cell type affects 

tumor progression. I first compared tumor progression in tumor bearing mice with 

transfer of WT or Tet2KO-OT1+ CD8+ T cells. Interestingly, theTet2KO- OT1+ CD8+ T 

cells transferred group showed significant reduction of tumor size as early as 3 days after 

adaptive T cell transfer. This result suggested that Tet2 has a tumor promoting functions, 

contradicting previous studies which found that Tet2 is an important tumor suppressor.  

Although TET2 functions, especially in hematopoietic system, are well 

established as a tumor suppressor, it is unclear how Tet2 deletion affects different 

immune cell types and whether Tet2 activity within various hematopoietic cells 

influences other cell types and tumor microenvironment. To answer the question, I first 

established an immune therapy model using B16-OVA mouse melanoma cells and OT-I+ 

CD8+ T cells that specifically recognize ovalbumin peptide. For a mouse model system, 

we used immune competent mouse and Tet2 deleted CD8+ T cells because of the 

contradictory function of TET2. We used Tet2 disrupted CD8+ T cells into tumor 

bearing wild type mice, which have endogenous CD8+ T cells and all the other immune 

cells. As a result, we (1) reduced the risk that may be caused by total Tet2 knock out, 

and (2) successfully demonstrated that depletion of Tet2 in cytotoxic T cells can benefit 

anti-tumor efficiency by enhancing CD8+ T cell differentiation toward activated T cell 

state.  
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We expect that this model system will open up new opportunities to study the 

dynamic interaction between cytolytic T cells with tumor microenvironments, including 

various immune cells and connective tissues. Still to be investigated is how Tet2 might 

be regulated by tumor environment, or vice versa, and whether Tet2 affects gene 

expression and, thereby, the function of CD8+ T cells. To address those issues more 

carefully, we need to perform tumor injection onto the total Tet2 deficiency mouse and 

record the tumor progression. Then we must compare the result with our previous model 

system for sorting out the CD8+ T cell specific effect of Tet2.  

  We found that Tet2 knock out CD8+ T cells display dramatic increase of T cell 

activation markers (data not shown), as well as exhaustion markers. Since Tet2 disrupted 

CD8+ T cells exhibit augmented expression of TNF-alpha and interferon-gamma as 

certain phenotypic traits of activation, increased expression of PD-1 and Tim-3 should 

be considered as a sign of rapid activation, rather than of exhaustion. However, the long-

term effect of Tet2 depletion in CD8+ T cell should be tested because we only tested 

tumor progression in a relatively short period of time (8 days after adoptive T cell 

transfer), and rapid activation of T cell could be a sign of early exhaustion.  

Certainly, controlling Tet2 activity is the way to maximize its benefit for cancer 

immunotherapy. In an in vitro co-culture setting with B16-OVA cells and Tet2 deleted 

CD8+ T cells showed increased cytotoxicity. To get more detailed molecular insights 

into this phenomenon, we should examine proliferation rate, cell death rate, and cell 

cycle or DNA replication frequency in co-cultured WT and Tet2KO CD8+ T cells.  
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PD-1 is a surface receptor and type I membrane protein103 that first was found as 

a gene that involved in apoptosis. Later, it was shown that PD-1 knock down mice were 

prone to autoimmune disease104, suggesting a negative regulator of immune reaction. 

Currently, it is being used widely in clinical check point inhibitor therapy, and has 

shown remarkable results in multiple categories of cancer. However, only a limited 

number of patients respond accordingly after either PD-1 or PD-L1 antibody treat and 

this non-responsiveness remains a major challenge for its success. Therefore, there is an 

urgent need to find more effective and novel approaches for cancer immunotherapy 

related with checkpoint blockade.  

Based on our preliminary data, we found that expression levels of PD-1 and other 

T cell exhaustion markers are substantially changed in Tet2 total knock out mice. In this 

connection, we applied PD-L1 antibody treatment in our immunotherapy model, and 

discovered that PD-1 pathway inhibition only dramatically affects in WT-OT-1+ CD8+ T 

cells transferred condition. The antibody treatment on Tet2KO-OT-1+ CD8+ T cells 

injected condition showed subtle changes, but none of them was statistically significant. 

Interestingly, besides tumor growth curve, scRNA-seq data also indicated that Tet2 

deficiency in CD8+ T cells seemed to resemble PD-1 blockade in WT condition, 

suggesting disrupted Tet2-mediated CD8+ T cell activation mechanisms somehow 

overlapped with the effect of PD-L1 inhibition.  

Cluster analysis further indicated that depleted Tet2 in TILs exhibit activated 

CD8+-like T cells features. Interestingly, anti-PD-L1 treatment showed reduced 

properties of exhausted TILs in both WT and Tet2KO TILs, but only WT TILs showed 
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increased gene expression that related with activated T cell features after PD-L1 

treatment. On the other hand, disrupted Tet2 exhibited minor effects on expression of an 

exhaustion-related gene set, but substantially contributed to CD8+ T cells activation 

processes during tumorigenesis.  

The data shown in this chapter identified a novel function of Tet2 deficiency in 

cytotoxic T cells within the context of cancer immunotherapy and its mechanism to 

confer benefit on antitumor efficiency. To further understand the function of Tet2 during 

tumor progression, we checked dynamics of transcriptome and chromatin accessibility in 

TILs isolated at 0, 3, and 8 days after adoptive T cell transferred tumor. We observed 

considerable changes of both transcriptome and epigenetic remodeling, showing a strong 

correlation between them. This indicated that epigenetic remodeling is crucial regulator 

generating specified transcription output during anti-tumor immunity.  

We particularly observed that WT and Tet2KO TILs showed distinct chromatin 

accessibility within transcription factor (TF) binding motifs. Based on TF motif 

enrichment analysis, we focused on Batf and Ets1 TFs that indicated dramatic changes 

between the WT and Tet2KO condition. There is growing evidence that Batf and Ets 

play essential roles in immune system regulation, including differentiation of Th17 

population and T cell exhaustion105, 106. It is an interesting finding that Tet2 deficiency in 

TILs remodels the chromatin accessibility in specific TF motifs to enhance its anti-tumor 

efficacy.  

Certainly, there is more to be learned about the detailed mechanisms. To link 

these dynamic changes of transcriptomes and chromatin accessibility with Tet2 more 
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directly, genome-wide 5mC, as well as 5hmC profiling, should be performed and 

analyzed in parallel with our RNA-seq and ATAC-seq data sets to get comprehensive 

understanding about Tet2-mediated deposited 5hmC and chromatin dynamics, followed 

by altered gene expression in specific regions. In addition, it is crucial to determine how 

to maximize the beneficial effect of Tet2 deficiency in cancer immunotherapy.  

Our data clearly showed that disrupted Tet2 in TILs exhibited anti-tumor 

efficiency by regulating the transcription of key genes involved in T cell activation. 

However, our data only focus on early stage of TILs development. It needs to determine 

whether Tet2 deletion is beneficial in long-term treatment. In addition, our data indicated 

that the expression of T cell exhaustion markers is significantly up-regulated in the Tet2 

deletion condition. As this can be considered as a sign of early and rapid activation of T 

cells, researchers must clearly demonstrate the underlying mechanisms of the increased 

expressions of contradictory factors.  

One possibility is that Tet2 deletion in TILs changes its chromatin state to a 

reprogrammable PD-1hi state. Philip et al. suggested that specific chromatin states in 

TILs, called chromatin state 1 and 2, represent a dysfunctional state of TILs and show 

different plasticity107. Our RNA-seq data from TILs, isolated from 8 days after adoptive 

T cell transferred tumor, showed that Tet2 knockout TILs exhibit a substantial increase 

of CD5 expression. We suggest this as a prediction marker of reprogrammability of 

heterogeneous TILs. Although further validation is necessary, it could provide a feasible 
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explanation of our complexed phenotype in TILs, caused by Tet2 disruption. We expect 

it to reveal important the potential clinical relevance of Tet2 deletion in cancer 

immunotherapy. 
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CHAPTER IV  

CONCLUSIONS 

 

DNA modification plays a pivotal role in the epigenetic control of gene 

expression in an organism. Traditionally, much attention is given to 5-methylcytosine 

(5mC), a major form (up to 1% of the total genome) of DNA modification. The 

discovery of the ten-eleven translocation (TET) has prompted broad interest in the 

potential function of its product, 5-hydroxymethylcytosine (5hmC), in remodeling the 

mammalian DNA methylation landscape.  

Advances in next generation high-throughput sequencing technologies, followed 

by progress in the epigenetics field during the past decade, have demonstrated the 

essential functions of TET enzymes in regulating various cellular processes, including 

gene expression, cell differentiation, and suppressing tumor formation in certain types of 

cancer. Among TET family enzymes, TET2 is one of the most frequently mutated genes 

in hematopoietic malignancies of both myeloid and lymphoid origin108. Researchers 

report that Tet2 deficiency leads to hematopoietic cell expansion, followed by the 

development of aggressive cancer in mouse models. While the role of TET2 in 

malignancies has been extensively reviewed, the tumor-promoting function of TET2 has 

been reported only recently61, 62, 64.      

Immunotherapy is an emerging field for treatment of cancers that involve the 

immune system. Various forms of therapy have been developed. These include infusion 
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of either engineered or regular T cells to fight cancer, and injection of cytokines to boost 

immune responses109, 110.  

Other therapies use the immune reactions of the body and contain cancer 

vaccines or antibody treatment to inhibit the protein expressed by cancer cells or their 

counterparts111, 112. Notably, clinicians have successfully treated different types of cancer 

by inhibiting immune checkpoint receptors, such as PD-1 and CTLA-4. Although this 

strategy has shown enormous potential as a new cancer treatment, few patients showed 

positive outcomes without relapse or resistances. Therefore, it is necessary to conduct 

further studies to find potential co-factors, or highly responsive populations, to enhance 

the therapeutic efficacy of checkpoint blockade treatment and to verify detailed 

underlying mechanisms.  

Recently, several groups of researchers reported the beneficial effect of Tet2 

deficiency in tumor progression. The correlation between TET2 expression in immune 

cells and tumor progression triggered our research team to hypothesize that Tet2 

inactivation enhances the antitumor efficiency of CD8+ tumor infiltrating lymphocytes 

(TILs) by regulating the transcription of key genes involved in T-cell activation and/or 

exhaustion. I show here, for the first time, that specific Tet2 knock out in cytotoxic T 

cells reduce melanoma progression significantly in mouse, by increasing the expression 

of cytokines and innate immune related genes. I further demonstrate that the Tet2-

mediated change of chromatin accessibility in certain TF motifs is responsible for its 

anti-tumor efficacy.   
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The data presented in this dissertation show strong tumor regression in the Tet2 

deleted CD8+ T cells injected group and revealed the relationship between remodeled 

chromatin accessibility and altered gene expression. However, the results do not link 

Tet2 and chromatin dynamics directly. To validate how Tet2 activity affects chromatin 

landscapes, both genome-wide and locus-specific 5hmC distribution should be examined 

with high resolution. 

In chapter II, I introduced a modified sensitive CMS-IP seq method that utilizes 

an ultra-low amount of DNA. Generally, the isolation efficiency of TILs from a tumor is 

very low. The conventional 5hmC profiling approaches require up to 10 µg of DNA as a 

starting material, making them unsuitable for the immunotherapy model setting. By 

using the sCMS-IP seq technique, researchers can manipulate only the nanogram scale 

of DNA to successfully map 5hmC. In addition, CiDER can be used to control the 

formation of 5hmC in in vivo to demonstrate that the Tet2-mediated 5hmC deposition is 

a crucial epigenetic regulatory mechanism to reshape chromatin landscapes.  

Along with its drug-inducible epigenome remodeling feature, CiDER can be used 

for the immunotherapy model presented here to maximize the beneficial effect of Tet2 

depletion in TILs. Numerous studies have reported that TET2 is a strong tumor 

suppressor in many different types of cancer, especially in hematopoietic malignancies 

(ref). Therefore, it is highly likely to knock out TET2 in hematopoietic system, both the 

lymphoid and myeloid lineages.  

The results presented in Chapter III revealed that the most dramatic changes in 

Tet2 deficiency at both transcriptome and chromatin structure levels were observed in 
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the early stage of T cell development during tumorigenesis. Also, Tet2 knock out TILs 

showed a higher expression of PD-1 and Tim-3 positive population than the WT control 

group. This suggests that Tet2 disruption shows strong anti-tumor immunity at early 

time points, then may quickly transition to the exhausted state in the late stage of 

tumorigenesis. Therefore, temporally controllable Tet2 activity would provide the 

maximum anti-cancer effect, as well as new avenues of therapeutic intervention. 

Overall, this research expands our understanding of a novel tumor-promoting 

function of Tet2 during melanoma progression in mouse model. I have demonstrated that 

depletion of Tet2 in CD8+ T cells promotes its anti-cancer immunity by increasing the 

expression of certain genes that are critical for T cell activation and correlation between 

transcriptome and chromatin state.  

This research brings to light some interesting directions for future work that will 

extend the scope of the dissertation. First, we can verify whether Tet2 deletion confers 

specific features that represent a reprogrammable dysfunctional state to T cells.  It is 

reported that tumor-specific CD8+ T cells (TSTs) have two distinctive dysfunctional 

states, state 1 (reversible, a plastic state) and state 2 (irreversible, a fixed state). The main 

features of suggested reprogrammable state 1 is increased expression of CD5 and 

decreased expression of CD38, CD101 and CD30L107.  

The RNA-seq data reported here showed that Tet2 deleted TILs expressed CD5 

around 5-fold higher than the counterpart. Also, Tet2KO TILs showed 2-fold less 

expression of CD38 than WT, suggesting Tet2 deleted CD8+ T cells can maintain its 
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functional state better than WT CD8+ T cells. As PD-1hi is another feature of the state 1 

T cell, this may explain why the Tet2 disrupted T cells showed high PD-1 expression. 

 Second, we can extend our immunotherapy model timeline up to 60 days to get a 

comprehensive understanding of the course of T cells differentiation during 

tumorigenesis. The data reported here suggest that dynamic changes of both 

transcriptome and chromatin accessibility were observed in early stage of tumor 

progression. However, the long-term analysis will provide valuable information about 

optimal time point for maximizing the therapeutic effects of cancer immunotherapy 

based on the state of immune cells residing within the tumor.    
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