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Abstract

Breast cancer (BC) is the most frequently diagnosed malignancy in women. Epigenetic
modifications, involving DNA, RNA, and histone modulation, result in the alteration of gene
expression. Among these epigenetic modifications, 5-hydroxymethylcytosine (5hmC) has
emerged as being relevant in various biological and pathological processes. In particular,
there is evidence that 5hmC is involved in cancer progression and may possibly function as a

prognostic biomarker.

The first aim of this study was to validate 5hmC distribution and hypothesise its modulatory
role in the transcription and translation of DNA and RNA in BC via immunohistochemistry (IHC)
and immunocytochemistry (ICC). Through IHC and ICC, | detected cytoplasmic 5hmC for the
first time in BC. RNA hydroxymethylation was detected by dot blot analysis of the human
mammary cell lines MCF10A and BT474, a finding previously reported in other cells, such as
colorectal cancer, but not in breast cancer. A stratification of the samples in different cancer
subtypes showed that the proportion of positive cells of cytoplasmic 5hmC was significantly

higher only in ER-negative cancer epithelium compared to the normal matched epithelium.

In further investigations, | examined whether 5hmC levels were associated with a specific TET
protein in BC. Here, IHC experiments were performed on the same samples. The distribution
of cytoplasmic TET2 showed correlations with the distribution of 5hmC and this may have
prognostic significance. Following the knockdown of TET mRNA expression by siRNA (in
BT474), down-regulation of the TET2 transcript led to lower cell proliferation while loss of

TET1 or TET3 expression was associated with increased proliferation.

In conclusion, | suggest that 5ShmC may have a role in the development of certain sub-types

of BC and TET2 is of particular relevance here.
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1. Background

1.1 Breast cancer

1.1.1 Introduction and epidemiology

Breast cancer (BC) is currently the most commonly diagnosed type of cancer in women,
surpassing lung cancer, and it has been estimated to cover 2.3 million new cases (11.7% of all
cancer cases) worldwide in 2020 (1). Female BC is usually first in the incidence rate in most
countries for cancer and for mortality in 110 countries, accounting for one in four cancer cases
and one in six cancer deaths (1). Moreover, over 80% of female BC cases are diagnosed over
the age of 50 in the UK (2). In contrast, only 0.5%-1% of breast cancer occurs in men (2).
Thanks to the research into BC and the treatment opportunities, the survival rate of this

disease has improved in the past decades; however, BC remains a significant issue globally.

1.1.2 BC Progression

Generally, the breast includes glandular tissue, fibrous stroma, and adipose tissue (Figure 1.1).
The mammary gland is the functional part of the breast, consisting of 15 to 20 lobules, which
produce milk, and a series of ducts that carry milk from lobules to nipples (3). Within the
mammary lobule, the epithelium is formed by a single layer of luminal cells, surrounded by a
layer of myoepithelial cells (Figure 1.2 Normal duct) (4). The term “myoepithelial” cell is also

described as “basal” cells (5).
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Figure 1.1 The structure of the breast. An anatomical schematic of the lobules and ductal

system. Figure created with BioRender.com.

BCis a general term for a variety of malignant diseases in the breast, and its common feature
is that it originates from the tissue, for example, ducts and lobules (6). These two subtypes
comprise the majority of all breast cancers worldwide, with the ductal subtype accounting for
40-75% of all diagnosed cases (6). Moreover, BC can be classified consistent with the extent
of disease (Figure 1.2): malignancies contained in the tissue of origin without any breach of
the basal membrane are called carcinoma in situ, and those beyond are called invasive
carcinoma (7). Epidemiologic evidence suggests that ductal carcinoma in situ (DCIS) is often
initiated by ductal hyperplasia (DH) (8). Only a small subset of atypical ductal hyperplasia

(ADH) and DCIS patients progressing to invasive ductal carcinoma (IDC) (8).
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Figure 1.2 Example of breast cancer progression and the histopathology of DCIS. Panel A,
Models of breast carcinoma progression in different stages. Panel B, H&E staining of breast
tissue sections from the normal duct, ADH, DCIS and IDC (scale bar = 100 um) (9). H&E Image

reproduced with permission of the rights holder, MDPI. Figure created with BioRender.com.

1.1.3 Diversity of breast cancers

To improve the understanding of BC causation, prevention, diagnosis and treatment, it is
helpful to classify BC into several subtypes according to the histopathological features and

molecular characteristics. This subchapter introduces the main categories of BC (7).
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1.1.3.1 Histopathological classification

Histopathology is a traditional way to classify the categories of BC based on its cellular
structure and microanatomy of the tissue. According to the WHO classification of breast
tumours published in 2019, breast tumour is further refined to classify up to 21 histological
types based on cell morphology, growth, and architecture patterns (10-12). BC is a malignant
disease under the category of breast tumour. Overall, invasive ductal carcinoma (IDC) is one
of the most common types of breast cancer, which constitute 55% of BC upon diagnosis (13).
This type of cancer often has a wide range of morphological variations and clinical behaviours,

such as tumour size, and grade (13).

Histological grade is determined by the evaluation of the degree of tumour differentiation
(tubule formation), nuclear polymorphism and proliferation (mitosis rate) (14). Each scheme
is scored and counted together, and the total score represents the histological grade. Grade
I means poorly proliferating and highly differentiated, grade Il means moderately proliferating
and differentiated, and grade Ill means highly proliferative and poorly differentiated (7). The
grade provides a prediction for determining patient prognosis, where higher grade cancers

have a worse prognosis (15).

Additionally, the other classification scheme is the stage of cancer based on “tumour node
metastasis” (TNM) classification, determined by the size of the tumour (T), lymph node
involvement (N) and metastasis (M) (16). According to the TNM staging system, BC are
determined into 5 stages (17, 18). The earliest stage of BCs is stage 0, then ranges from stage
| to stage IV (17). This TNM staging system can guide treatment and provide an indication of

prognosis (19, 20).
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1.1.3.2 Molecular classifications

Breast cancer is a heterogeneous disease with complex histological features, and it is
commonly divided into different subgroups by the expression profile of the receptors:
oestrogen receptor (ER), progesterone receptor (PR) and human epidermal growth factor
receptor 2 (HER2) (14, 21). Most of the cases can be classified into four groups, luminal A,
luminal B, HER2 positive (HER2+), basal-like/triple negative (Figure 1.3). Luminal A is ER/PR
positive, or HER2 negative expressed in normal luminal epithelial cells, which has a good
prognosis (13). Luminal B is ER and/or PR positive, HER2+ positive or negative expressed in
luminal epithelial cells (13). The prognosis of luminal B is poorer than luminal A (13). HER2+
reflects Erb-B2 Receptor Tyrosine Kinase 2 (ErbB2) gene expression or HER2 protein
amplification and overexpression, and ER, PR negative expression (13). This group of breast
cancer is associated with a poorer prognosis. Moreover, “basal-like” or “triple-negative
(TNBC)” reflects ER, PR, and HER2- negative expression in normal breast basal epithelial cells,

which implies the worst prognosis (Figure 1.3) (13, 22).
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Molecular Subtypes of Breast Cancer

Best
prognosis
Luminal A (~50%) - Most common subtype
ER+ and/or PR+, or HER2- + Low expression of Ki-67: low proliferation
Luminal B (~20%) Eﬂgh expressw’ondof K\'—G?;]h\'gh prol:jferation
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Figure 1.3 Molecular subtypes of breast cancer. Breast cancer can be summarised into four
groups based on their hormonal receptor expression (ER, PR, and HER2+ expression).
Subtypes from top to bottom have worse prognosis (Luminal A cancer has the best prognosis
and the TNBC has the worst prognosis). The figure also includes the expression level of Ki67,
the mutation level of TP53 and the suitable treatment options (13, 22). The Figure created

with BioRender.com.
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1.1.4 Breast cancer treatment

Nowadays, common types of BC treatment are surgery, radiotherapy, chemotherapy,
hormone therapy, targeted therapy, and other systemic therapy (18, 23). The early stage of
BCs are usually treated with surgery and radiation therapy, while higher stages of BC require
other therapeutic options to treat patients and prolong their lives (24). Chemotherapy
includes neoadjuvant chemotherapy and adjuvant chemotherapy (24). Neoadjuvant
chemotherapy is used before surgery to down-size the tumour and/or reduce the risk of
recurrence, and adjuvant chemotherapy is used after surgery (25). In triple-negative and

HER2-positive early breast cancer, neoadjuvant therapy is typically used (26).

Hormone therapy, also known as endocrine therapy, is effective for most patients tested
positive for ERs, and PRs (27-29). Hormone therapy aims to prevent interactions between
oestrogen and oestrogen-dependant pathways of stimulating neoplastic cells through
blocking the production of oestrogens and the oestrogens action upon cells (30). When
hormone therapy is used alone or after chemotherapy, blocking this pathway can help
prevent cancer recurrence and breast cancer death (23). Hormone-receptor-negative

patients (TNBC or ER-, PR- and HER2-positive), do not respond to hormone therapy (29).

Besides, targeted therapy, also called precision medicine, uses drug or other substances to
target specific molecules to prevent cancer cell to grow, divide and spread (31). Most targeted
drugs are small-molecule drugs or monoclonal antibodies, some of which block the action of
certain enzymes, proteins or other molecules involved in the growth of cancer cells, others of
which help the immune system to kill cancer cells (32). HER2-targeted therapy has become
an effective treatment for HER2 positive tumours. Trastuzumab was the first HER2-targeted

therapeutic monoclonal antibody to treat metastatic HER2-positive breast cancer in 1998 (33).
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1.1.5 Molecular markers in breast cancer

Apart from the expression of ER, PR and HER2, other biological markers predict a prognostic
in breast cancer progression. The expression of biological markers is associated with the
proliferation and migration of tumour cells. For example, the early stage of tumour
development is increased proliferation, and the nuclear protein Ki67 (pKi67) and
minichromosome maintenance protein complex 2 (MCM2) are considered to be biomarkers
of proliferation in BC (7, 34, 35). Overexpression of KI67 is related to poor prognosis in breast
cancer (Figure 1.3) (36, 37). Ki67 is expressed in all proliferating cells, reflecting the tumour's
proliferation rate, and it has a different localisation and expression level throughout the cell-
cycle (38). The expression of Ki-67 in luminal B BC and its histological grade is higher than in
luminal A BC (13). On the other hand, MCM2 is a prognostic marker in BC, highly expressed
in high histological grade cells, especially in luminal B, HER2-positive, and triple-negative BC

(35, 39).

Based on the hallmarks of cancer, B-cell lymphoma 2 (Bcl-2) family members regulate
apoptosis (ie programmed cell death) (40). Thus, dysregulation of Bcl-2 family proteins
contributes to breast development, tumorigenesis, and therapeutic resistance. This family
has two main subclasses: anti-apoptotic (i.e. BCL2 Apoptosis Regulator, Bcl-2, Bcl-w, and Bcl-
xL) and pro-apoptotic (i.e. Bcl-2 Associated Agonist Of Cell Death, Bad, Bcl-2 Antagonist/Killer,
Bak, and Bcl-2 Associated X-protein, Bax). The anti-apoptotic proteins prevent the regulation
of pro-apoptotic proteins remaining the integrity of the mitochondrial outer membrane (41).

Previous studies suggest overexpression of anti-apoptotic Bcl-2 proteins associated with BC
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progression (42). For this reason, the Bcl-2 family protein could be a marker for identifying

the evidence of apoptosis.

Furthermore, GATA binding protein 3 (GATA3) is identified as contributing to cell
differentiation in multiple cell types and is considered an essential gene in BC development
(43, 44). This positive correlation between GATA3 and ER-alpha expression is not unexpected,
as they participate in a positive feedback loop (43). GATA3, as a transcription factor, directly
regulates the expression of ER-alpha, thereby enhancing ER-alpha's activity within breast
cancer cells. Conversely, ER-alpha, in turn, upregulates the expression of GATA3, forming a
reinforcing feedback loop that further strengthens their association (43). This intricate
interplay helps maintain the differentiated state of breast cells while also facilitating the
normal functioning of ER-alpha. Moreover, GATA3 is highly expressed in luminal breast cells
compared to the HER2 subtype and triple-negative BC (45-47). Therefore, GATA3 could be a

luminal differentiation marker in breast cancer.

1.2 Epigenetic modifications

1.2.1 Methylation of cytosine

Epigenetic alterations have been rigorously investigated in the past few decades. The most
common epigenetic modification is the methylation of cytosine, also known as “DNA
methylation”, which adds a methyl group to the carbon-C5 position of cytosine, 5-
methylcytosine (5mC). This modification is found in mammals, flowering plants, prokaryotes

and in about 4% of the cytosines in the human genome (7, 48).

In humans, 5mC is rarely but globally distributed in the whole genome, which is
predominantly occurs on cytosine-phosphate-guanine dinucleotide (CpGs) (49). Regions with

32



a high concentration of phosphate-linked cytosine-guanine pairs are called CpG islands (CGl)
(50). While CGI are typically in promoters and unmethylated, other CpGs in the genome are
often (60-80%) methylated (51). Through whole genome methylome profiles, 15%-21% of
CpGs differ in the methylation status between human tissues (52). These CpG islands are
specific DNA sequence regions enriched in CpGs and play crucial regulatory roles in organisms
(53). They are commonly located in gene promoter regions and are essential for normal gene
regulation (53). In contrast, CpGs in other parts of the genome can be subject to methylation,
often associated with gene silencing or inactivity (54). This differential distribution of DNA
methylation is instrumental in maintaining genomic stability and normal cellular functions,
playing a pivotal role in gene regulation and epigenetics (54). DNA methylation contributes to
gene expression, X-chromosome inactivation, genomic imprinting and tumorigenesis (55).
5mC is altered from unmodified cytosine during this process by DNA methyltransferases

(DNMTs) (56).

1.2.2 The DNA methyltransferases (DNMTs)

DNA methyltransferases are a group of proteins, which contribute to DNA methylation.
DNMTs catalyse the transfer of a methyl group (-CHs) from S-adenosylmethionine (SAM) to
the 5-carbon position of cytosine (57). This family consists of five members in humans,
including DNMT1, DNMT2, DNMT3a, DNMT3b, and DNMT3I (58). Only three of them, DNMT1,
DNMT3a, and DNMT3b, contribute to write and regulate methylation marks on the DNA (55,
58). In particular, DNMT1 is necessary to maintain the methylation state during DNA

replication, whilst DNMT3a and DNMT3b are established for de novo methylation (55, 56, 58,
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59). Apart from these, DNMT3I contributes to maternal imprints in the developing oocyte and

acts as a cofactor for retrotransposon methylation in the male germline (56, 58, 60).

1.2.3 Hydroxymethylation of cytosine

DNA demethylation can act both “passively” and “actively” (Figure 1.4). Passive
demethylation refers to the dilution of the methylated CpG sites during DNA replication (61).
The methylated DNA double-strand are parental patterns. During DNA replication, newly
incorporated cytosines remain unmethylated due to DNMT1 inhibition or dysfunction,
thereby reducing overall methylation levels after each cell division (62). Therefore, both
methylated and unmethylated cytosines on the parent chain pair with guanine, guanine on
the parent chain pairs with unmethylated cytosine, and adenine pairs with thymine. After
each round, the newly replicated daughter DNA strands are unmethylated, and methylated

CpG sites become hemimethylated (63).

The active demethylation is achieved by the enzyme-mediated removal process. Methylated
cytosine (5mC) is oxidised to hydroxymethylated cytosine (5-hydroxymethylation, 5hmC) and
other derivatives (5-formylcytosine, 5fC and 5-carboxylcytosine, 5caC) (64). The reaction is
catalysed by ten-eleven-translocation (TET) enzymes (64). These sites will then be depleted

by thymine-DNA glycosylase (TDG) through the base excision repair (BER) pathways (63, 64).
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Figure 1.4 Overview of the mechanisms of DNA demethylation (63). DNA demethylation is
achieved by passive demethylation (left) and active demethylation (right). The methylated
strands are separated and replicated with newly unmethylated DNA strand through passive
demethylation. The methylated CpG sites are oxidised to 5hmC, 5fC, 5caC by TET1, 2, and 3
and removed through the BER pathway. Adapted from “Handbook of epigenetics (Second
Edition),” by Nicolas Veland, Taiping Chen, 2017, p12. (49). Copyright 2017 Elsevier Inc.

Adapted with permission.

During active demethylation process (Figure 1.5), the three ten-eleven translocation (TET)
enzyme family members, TET1, TET2 and TET3, together with cofactors (iron, a-ketoglutarate
and oxygen), catalytically convert 5mC to 5hmC, 5fC and 5caC by oxidation. TET proteins are
Fe(ll)-dependent dioxygenases that oxidize DNA using molecular oxygen and a-ketoglutarate
as co-substrates, generating oxidized DNA, succinate, and carbon dioxide (CO2) as the co-
products. Briefly, TET enzymes split molecular oxygen into oxygen atoms (with two unpaired
electrons and a carbene-like propensity to intervene in other bonds). Insertion of one oxygen
atom into succinic semialdehyde (formal product of decarboxylation of a-ketoglutaric acid)

to form succinic acid and another oxygen atom shifted into the 5-position substituent of the

35



C-group converts 5mC to 5hmC, 5hmC to 5fC (due to equilibrium between jewel diol and

aldehyde via dehydration/hydration), 5fC to 5caC (65).

Through the BER pathway, 5fC and 5caC can be removed from the sequence and replaced
with cytosine by the TDG enzyme. TDG is a monofunctional DNA glycosylase active against T
bases generated by deamination of 5mC with G mismatches (66). The 5fC and 5caC
nucleotides have the same characteristics as damaged DNA nucleotides, and 5fC and 5caC
nucleotides resemble BER substrates (65). Since the formyl and carboxyl groups are electron-
withdrawing groups, 5fC and 5caC nucleotides have weakened glycosidic bonds (67, 68).
5caC:G is more weakly base-paired than C:G, which may lead to a higher rate of spontaneous
flipping, like many damaged DNA bases (68, 69). Weakened glycosidic bonds and increased

flipping rates allow BER glycosylases to erase 5fC and 5caC (65).

O o H g ﬁ
0 * TET1,2,3 0" TET1, 2,3 0 H TET1 2,3 0 Q H
FeZ*, a-KG, O, FeZ*, a-KG, O, Fe2+ a-KG, O,

5mC 5hmC 5fC 5caC

Cytosine

Figure 1.5 The molecular structure changes during the active DNA demethylation pathways
through 5hmC. DNMT catalyses the cytosine to 5mC, and several 5mC are iteratively oxidised
to 5hmC, 5fC and 5caC by TET enzymes together with Fe2+, a-KG, and 02. 5fC and 5caC can
be further excised by the TDG via the BER pathway. The structure of cytosine is simplified as
a blue ball. C, cytosine; 5mC, 5-methylcytosine; 5hmC, 5-hydroxymethylcytosine; 5-fC, 5-
formylcytosine; 5-caC, 5-carboxylcytosine; DNMT, DNA methyltransferase; BER, base excision

repair; TDG, thymine DNA glycosylase.
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A derivative of 5mC, 5-hydroxymethylation (5hmC), is the first oxidation step in the multistep
demethylation process, as described above (70). DNA hydroxymethylation is considered a
marker of active gene expression, but the correlation between 5ShmC and expression is varied
(71). While 5mC generally exerts its function on CpG rich sequences in the gene promoter,
5hmC is mostly distributed in gene bodies, enhancers, and in sequences with lower CpG
contents. This leads to the hypothesis that 5ShmC could modify chromatin states to promote

transcription, rather than silencing gene expression (72-75).

The levels of 5hmC differ in different tissues and cells. Whilst 5hmC is enriched in brain, liver,
kidney and colorectal tissues (0.40% ~0.65% of total nucleotides), it is only quantified as 0.05%
~0.06% of total DNA in heart, breast and placenta tissues in human (76). In human cell lines,
the percentage of 5hmC is even lower (0.007% ~0.009% of total nucleotides) (72). While
5hmC was first discovered in bacteriophages T2, T4 and T6 of E. coli, it is now considered a

dynamic epigenetic change that can influence the gene expression in mammalian cells (77).

In the brain, hydroxymethylation has been implicated in several types of diseases, such as
Alzheimer’s (78, 79) and Parkinson’s disease (80). In human embryonic stem cells (ESCs), the
enrichment of 5hmC in gene bodies, promoters, enhancers, and some transcription factor
binding sites suggests an active involvement in gene regulation (81, 82). Finally, the
alterations of 5hmC levels have also been associated with B cells and T cells differentiation
and development (83), and evidence suggests that TET-mediated demethylation process

regulates the differentiation and function of lymphoid and myeloid cells (83).
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1.2.3 Post-transcriptional RNA modification and RNA hydroxymethylation

Post-transcriptional modifications of RNA play an essential role in a wide variety of biological
processes (84). RNA modification has been studied since the 1960s, and sequencing of the
first biological RNA in 1965 from yeast (85). RNA modification on rRNA can lead to the
formation of specific RNA structures and regulate RNA biogenesis; RNA modification on tRNA
can refine molecular recognition; and RNA modifications on mRNA can encode dynamic

regulatory features (86).

Methylation is the most common modification. Many different classes of RNA can be
methylated using S-adenosylmethionine (SAM) as a methyl donor, for instance, mRNA, tRNA,
rRNA, IncRNA, miRNA, small nuclear RNA (snRNA) and enhancer RNA (eRNA) (86, 87). Studies
found that eukaryotic mRNA undergoes internal modifications, including additional
methylation of adenosine to form N1-methyladenosine (m1A) and N6,2'-O-

dimethyladenosine (m6Am), and the methylation of cytosine to form 5mC and 5hmC (85).

RNA methylation is involved in RNA metabolism pathways (88, 89). In the nucleus, pre-mRNAs
undergo post-transcriptional modifications, such as capping, splicing, and polyadenylation
(90). At this stage, many nuclear proteins are recruited to the mRNA to form RNA-protein
complexes, and only a successfully processed mRNA forms a proper mRNA-protein complex
to translocate to the cytoplasm through the nuclear pore complex (90). Some products, such
as spliced introns, will be degraded by multi-subunit exosome complexes that may specialize
in degrading RNA, while others, such as methylated tRNA and methylated rRNA, will move to
the cytoplasm through nuclear pores (89). In the cytoplasm, the mature mRNA combines the

rRNA and tRNA for protein synthesis (89, 90). The extent of 5mC in mRNA is still controversial,
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while the methyltransferase NOL1/NOP2/SUN domain family 2(NSUN2) is suggested to

responsible for installing 5mC on mRNA (89).

Like methylation patterns, hydroxymethylation affects DNA and RNA molecules, from wheat
seedlings (91) to mammalian tissues (92-94). Similar to the demethylation process in DNA,
5mC in RNA can be oxidised to 5hmC by TET enzymes (85). The presence of 5hmC is also a
feature of many classes of RNA, including tRNA in human cells and mouse brain (95), long
non-coding RNA (IncRNA) in colorectal cancers in humans (96), and mRNA in Drosophila S2
cells (97). Therefore, the presence of 5ShmCin the DNA and different RNA classes may support

a possible regulatory role of hydroxymethylation in transcription and translation.

1.2.4 TET enzymes

TET family proteins, also known as TET methylcytosine dioxygenase, are a group of enzymes
with similar structures and overlapping functions. In particular, TET proteins show similarity
in their C-terminal catalytic domains but are characterised by differences in the N-terminal
regulatory domains, ultimately reflecting some individual functions (Figure 1.6) (98, 99). On
top of this, TET enzymes are characterised by a high number of alternative spliced variants,

which can also contribute to the novel functions of each enzyme.

To date, twelve TET1 isoforms, twelve TET2 isoforms and fourteen TET3 isoforms are
recorded in the NCBI database, out of which six major isoforms have been well studied,
including TET1 full-length (TET1™), TET1 short (TET1AT), TET2, TET3 full-length (TET3™), TET3
ovarian (100). While these isoforms mainly appear in ESCs and neurons, here, | will focus on

the isoforms found in cancer cells, TET1, TET1AY, TET2, and TET3™.
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Figure 1.6 Known domain structures of TET proteins. TET proteins are similar in structure,
with the C-terminal catalytic domains and different N-terminal regulatory domains. The full-
length TET1 (TET1™) and TET3 (TET3) proteins, but not TET2, contain a CXXC domain (DNA-
binding site). The genomic location and the number of amino acids of the full-length protein
and the CXXC domain are also shown. The isoform TET1A lacks the CXXC domain, but the
remaining structure has not been characterised yet. The catalytic domain contains cysteine-
rich (Cys), double-strand B-helix (DSBH) regions and spacer region. The DSBH domain includes

a HxD motif that interacts with FeZ* and a-KG.

Structurally, both TET1 and TET3 but not their truncated isoforms, contain the CXXC DNA-
binding domain (101). The CXXC domain binds to unmethylated CpG islands, assisting TET
recruitment to the same and protecting the DNA from aberrant methylation. On the other
hand, the truncated isoforms have different regulatory domains, and they may have different
binding sites to oxidase 5mC, 5hmC and 5fC (100). It is interesting to note how full-length
TET2 (TET2M), on the contrary of TET1 and TET3, is also characterised by the absence of the
CXXC domain but can interact with the neighbouring gene CXXC finger protein 4 (CXXC4), also

known as IDAX, to bind to the DNA sequence (100).

1.2.5 Other oxidative derivatives of 5hmC

Several studies highlighted the contribution of both 5fC and 5caC to some human diseases

and cancers, but these are rare changes. The global level of 5fC and 5caC over the total level
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of all cytosines is around 10-1000 times less than 5hmC (102, 103). Not many studies focus
on the function of 5fC and 5caC in cancer. One study found that 5caC levels are higher in BC

than normal breast, which samples produced a low intensity of 5hmC staining (104).

1.3 Epigenetic changes in cancer

Methylated cytosine is commonly distributed in DNA, and it has been found in numerous RNA
subtypes, including tRNA, rRNA, mRNA, ncRNA and enhance RNA (105). Since 5mC is a
heritable change in gene expression, it is important to learn more about the role of
methylation in genes regulating in cancer. Methylation at CpG enriched genes results in
hypermethylation of tumour suppressor genes or hypomethylation of oncogenes, marks of
cancer initiation and progression (8). On the one hand, 5mC is generally dysregulated in
cancer (72, 75, 106-108). Hypomethylation occurs in the global DNA, while hypermethylation
occurs in local CpG islands (109, 110). DNA hypomethylation play a causal role in tumour
formation, possibly by promoting chromosomal instability (111). Hypermethylation can drive
the critical tumour suppressor or silence regulatory regions in the genome, leading to
dysregulation of cell growth or changes in response to cancer treatments (109). In BC,
promoter hypermethylation causes the silencing of breast cancer type 1 (BRCA1), E-cadherin
and target of methylation-induced silencing (TMS1), and the overexpression of the Wilms’
tumour suppressor 1 (WT1) genes (112). On the other hand, several studies have
demonstrated that 5mC modified in different RNA subtypes might have functions in cancer
development (105). For example, in tRNA, 5mC may function in modulating cancer

metabolism, and in mRNA and IncRNA, 5mC increases susceptibility to cancer which indicates

a possible role in enhancing the stability of cancer-related transcripts (105, 113-115).
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5-Hydroxymethylation occurs in gene bodies, promoters, and enhancers (72, 75, 116),
suggesting that the synthesis of 5hmC can serve additional functions in the genome. As
mentioned above, 5hmC is also enriched in different classes of RNA. An interesting example
is the distribution of 5hmC at IncRNA loci, which positively correlates with IncRNA
transcription in colorectal cancers (96). As discussed further below, evidence suggests that

5hmC may regulate gene transcription and translation, and ribosome regulation.

Interestingly, although 5hmC levels are generally lower in multiple human malignancies than
in the normal tissues (117-119), this is not the case for all tumours. An example showed 5hmC
also can be gained in genes in melanoma (120). However, the extent of enrichment of 5hmC
in different cancers is still unknown and global 5hmC content does not seem to correlate with
5mC (76, 121, 122), highlighting the need for a more complete characterisation of 5hmC in

cancer.

Therefore, analysis of 5ShmC distribution in tissues or cells, outside of a disease context, may
not be enough to help us determine its role in cancer onset and development. Since TET
proteins act as demethylases in generating 5hmC in cancer, it is essential to review 5hmC
expression concerning the distinct functions of each TET, which are directly responsible for

modulating methylation signatures in their unique ways.

1.4 Ten-eleven translocation protein in cancer

1.4.1TET1

Evidence suggests TET1 may have both oncogenic and tumour suppressor functions, and it
covers several functions in cancer progression (Table 1.1). As a tumour suppressor, TET1

represses cell migration, invasion, proliferation and metastasis in breast, prostate, colorectal,
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pancreatic, nasopharyngeal, lung, and renal carcinoma (123-130). In breast cancer, the high
mobility group AT-hook 2 (HMGA2) leads to TET1 suppression and cause further the
decreased expression of homeobox A (HOXA) genes, HOXA7 and HOXA9, that stimulate
tumour growth and metastasis (123). The expression of TET1 is downregulated in prostate
cancer which induces cell invasion, tumour growth and cancer metastasis (124) and loss of
TET1 in colon cancer contributes to tumour cell growth through mediating the WNT signalling
pathway (130). Like colon cancer, TET1 is also downregulated in pancreatic and
nasopharyngeal carcinoma, and TET1 suppress the Wnt/B-catenin signalling pathway (126,
127). In renal carcinoma, low TET1 expression is associated with high proliferation and
migration in vitro (129). Furthermore, loss of TET1 increases Enhancer Of Zeste 2 Polycomb
Repressive Complex (EZH2) expression and reduces Ubiquitously transcribed TPR on X (UTX-
1) expression, which decreases the 5hmC abundance on the promoter of E-cadherin (125).
The resulting down-regulation of E-cadherin induces epithelial-mesenchymal transition (EMT)
in colorectal cancer (125). On the other hand, in lung cancer cells, overexpression of TET1
results in the repression of metastasis in vivo via the regulation of cell-cell adhesion, and
prevents tumour cell invasion ability by reducing the capacity of matrix metalloproteinase 9
(MMP9) (128). As an oncogene, high TET1 expression results in the hypomethylation and
activation of an oncogenic signalling pathway in triple-negative breast cancer (TNBC) (131)
and up-regulates cell proliferation, inhibits apoptosis and cell differentiation in MLL -
rearranged leukaemia (132). Finally, NF-kB family member p65 represses TET1 expression in
breast cancers by binding to its promoter in basal-like BC (133). The expression of mutated
TET1 could therefore be a prognostic biomarker for immune checkpoint inhibitor treatment

in multiple cancer (134).
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Alike TET2 and TET3, the variability in the functions of TET1 may also be linked to the distinct
roles of its isoforms (101). Evidence suggests that TET1A'" is overexpressed in cancers, but it
leads to a lower synthesis of 5hmC on DNA compared to TET1(101). The presence of TET1A
isoform, characterised by different methylation and gene expression targets compared to the
full-length variant, suggests TET1 and possibly other TETs could also change their oncogenic

function by modulation of the expression of its isoforms.
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Table 1.1 TET proteins: known functions and research studies.

Protein

TET1

Tumour type

Breast cancer

Breast

cancer,

Prostate

cancer

Colorectal

cancer

Colorectal

cancer

Pancreatic

cancer

Model used

- Human breast cancer

cell lines

- Mouse models

- Human breast /

prostate cancer cell

lines

-Human  breast /
prostate tissue
samples

- Mouse models

-Human colon cancer

cell lines

-Human colon cancer

cell lines

- Mouse models

-Human pancreatic

cancer cell lines

45

Roles of TET Techniques to
protein quantify 5hmC
Tumour Dot blot, IHC
suppressor

Tumour Dot blot, MeDIP
suppressor

Tumour GlucMS-gPCR
suppressor analysis, IF
Tumour Dot blot,
suppressor hMeDIP
Tumour Dot blot,
suppressor GlucMS-qPCR

Ref

(123)

(124)

(125)

(130)

(126)



Nasopharyng

-eal cancer

Lung cancer

Renal cancer

Acute
myeloid

leukaemia

Breast cancer

-Human pancreatic

tissue samples

-Mouse models

-Human
nasopharyngeal

cancer cell lines

-Human nasopharynx

tissue samples

-Human lung cancer

cell lines

- Mouse models

-Human renal cancer

cell lines

-Human kidney tissue

samples

-Human AML cell lines

-Human AML samples

- Mouse models

-Human breast cancer

cell lines

46

Tumour

suppressor

Tumour

suppressor

Tumour

suppressor

Oncogene

Oncogene

Dot blot, IHC,
MeDIP and

hMeDIP

NA

NA

5hmC Labelling
reaction, Dot
blot, LC-MS/MS

assay, IHC

Slot blot

analysis,

(127)

(128)

(135)

(132)

(131)



TET2

Trophoblastic

cancer

Breast cancer

Breast

cancer,

Melanoma,

Liver cancer,

Lung cancer

Melanoma,

Glioblastoma

Colorectal

cancer

-Human trophoblastic

tissue samples

-Human trophoblastic

cancer cell line

-Human breast cancer

cell lines

-Human tumour cell

lines

-Mouse tumour cell

lines

-Mouse model

-Human melanoma /
glioblastoma /
colorectal cancer cell

lines

-Human melanoma,
glioblastoma,
colorectal cancer and

other cancers’ tissue

samples

-Mouse model

47

Oncogene NA
Transcriptional NA

coactivator

Tumour RRHP
suppressor sequencing
-Oncogene IF, IHC, Tissue
‘A drug target microarray, Dot
for sccc blot,
elimination

(136)

(137)

(138)

(139)



TET3

TET2/

TET3

TET2/

TET3

Acute
myeloid

leukaemia,

Colon cancer

Head and

neck cancer

Melanoma

Pancreatic

cancer

-Human AML cell line

-Human colon cancer

tissue samples

-Mouse colon cancer

cell line

-Human head and
neck squamous cell

cancer tissue samples

-Human head and
neck cancer and

fibroblast cell lines

-Human melanoma

cell lines

-Mouse model

-Human pancreatic

cancer cell lines

-Mouse model

48

Predictor for
anti-PD-L1

immunotherapy

-Tumour

suppressor

-Predictor  for
recurrence in
early-stage head

and neck cancer

Tumour

suppressor

Oncogene

IHC, Dot blot (140)

NA (141)

Dot blot (142)

LC-MS,  qPCR, (143)
hmC-seal, OxBS-
seq and BS-seq,
RNA-seq, ATAC-

seq, HOMER



TET1/

TET2/

TET3

TET1/

TET2/

TET3

Early breast

cancer

Gastric

cancer

-Human early breast

cancer tissue samples

-Human glioblastoma

cell line

-Human gastric cancer

tissue samples

-Human gastric cancer

cell lines

49

Predictor
patients’

prognosis

Oncogene

for

NA

IHC, Dot blot

(144)

(145)



1.4.2 TET2

Overall, most studies agree in suggesting that TET2 acts as a tumour suppressor (Table 1.1).
Loss of TET2 might sensitise myeloid leukaemia cells to poly (ADP-ribose) polymerase
inhibitors (PARPis) through inhibiting its partner proteins’ function (such as BRCAs) in double-
strand breaks DNA repair (146). The enzyme is a transcriptional coactivator, and its decrease

leads to increased DNA methylation on enhancers of breast cancer cells (137).

Furthermore, in mouse models, TET2 regulates the 5hmC status on cell-cycle inhibitor genes
cyclin dependent kinase inhibitor 1A, Cdknla, and Cdkn1b, resulting in an upregulation of p21
and p27, which leads to melanoma dormancy (138). Interestingly, also in colorectal cancer,
the increase of TET2 expression and 5hmC has shown clinical relevance. TET2 is a critical
factor in controlling the number of slow-cycling cancer cells, survival and tumour recurrence
in mice model and colorectal cancer patients with higher expression of the protein relapse
earlier after surgery and chemotherapy (139). Immunology studies also show that TET2
protein regulates IFN-y/JAK/STAT signalling pathway which controls programmed death-
ligand 1 (PD-L1) expression and the tumour response to anti-PD-L1/PD1 therapy, so the

activity of TET2 could be a predictor for the efficacy of anti-PD-L1 immunotherapy (140).

TET2 consists of a full-length and eleven alternatively spliced isoforms, and the expression of
some of those have already been detected in different tissues (100). Similar to the TET1
enzymes, TET2 is also frequently mutated in hematopoietic cancers compared to solid
tumours (147-149). A recent study reported that TET2 mutation was correlated with a poor
prognosis in TET2-mutated female cancers, including BC (147). This suggests that TET2 and its

mutations may play important roles in BC.
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1.4.3 TET3

While fewer studies focus on TET3, possible roles of this enzyme in cancer are still emerging
(Table 1.1). TET3 act as a tumour suppressor in melanoma and its silencing induces EMT (142).
Interestingly, TET3 displays a different expression level in various cancers: in head and neck
squamous cell carcinomas and gliomas, expression of TET3 is low, while in ovarian and breast
cancers, TET3 expression is higher, compared to normal tissue (141, 144, 150, 151). Clinically,
these differences in expression are reflected in the fact that high TET3 expression predicts
poor prognosis in ovarian cancer (150). This may be due to hormonal regulation, such as
oestrogen and progestogen, but no conclusive research suggests a correlation between

oestrogen or progestogen and TET3 in cancer.

Additionally, glioblastoma and breast cancer patients who have methylated TET3 have a
lower survival rate compared to patients having unmethylated TET3 gene (144, 151). Finally,
TET3 and bromodomain-containing protein 4 (BRD4) are overexpressed in pancreatic cancer
(143). The 5hmC abundant at BRD4 enhancers and promoters regulates tumour growth,
though there is no further study showed the relationship between TET3 overexpression and

the increase of 5hmC on BRD4 (143).

Besides the unique expression of each TET enzyme, it is interesting to note how the levels of
TET mRNAs can also be altered in several cancers without a respective difference in protein
expression (145) and how TET mRNA expression is regulated by microRNAs (miRs). For
instance, it has been shown that microRNAs, such as miR-22 in breast cancer or miR-29a in
hepatocellular carcinoma, can in fact target TET mRNA, and subsequently reduce 5hmC levels

(152, 153).
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1.5 Hypothesis and Aims

Based on the studies mentioned above, 5hmC may have a functional role in BC progression.
As the intermediates during the demethylation process, previous work pointed out that three
TET proteins play an essential role in 5hmC synthesis. However, the roles of TET enzymes in
cancer are controversial, so each TET protein respectively could play a different role in BC
progression. Therefore, this research will validate the 5hmC levels in breast cancer cell lines
and tissues. Moreover, to understand the molecular changes in hydroxymethylation, | will
examine the 5hmC status of some breast cancer marker genes (i.e. KI67, MCM2, BCL-2, BCL-

W, ESR1, GATA3) and the influence of hormone receptors on the TET protein family.

Hence the main hypotheses of this project are:

e There is a differential distribution of 5hmC changes between normal breast and
breast cancer cells.

e The level of 5hmC is associated with a specific TET protein in BC. TET2 expression
is directly proportional to hydroxymethylation levels.

e Dysregulation of TET expression changes the levels of 5hmC and regulations in

breast cells.

To test my hypotheses, |, therefore, aim to:

1. Investigate the differential expression of 5hmC abundance and TET expression levels
in normal and breast cancer samples. | aim to perform immunohistochemistry to
quantify 5hmC and TET protein expression in breast tissues Moreover,
immunocytochemistry was performed to determine the subcellular localisation of

5hmC and TET proteins in breast cell lines. | intend to determine the global level of
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5hmC in breast cell lines by a colorimetric assay. (Chapter 3 for 5hmC and chapter 4
for TET)

Correlate the differential expression of TET1, TET2 and TET3 mRNA, and the
abundance of 5hmC in breast cell lines. | aim to correlate the expression of three TET
mRNAs with the probability of BC survival rate. Furthermore, | aim to investigate the
TET mRNA expression between BC and normal samples through in situ hybridisation.
(Chapter 4)

Investigate the possible role of TET proteins in breast cell lines. | aim to knockdown
the TET mRNA expression in BC cells and non-tumorigenic breast cells and then to
determine the global 5hmC changes, to measure changes of cell proliferations and to

quantify the mRNA expression of selected marker genes. (Chapter 5)
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2. Materials and methods

This chapter describes the materials and methods used. To answer my research questions, |
perform the following experiments into two research objects, human tissue samples and
human cell lines. This chapter first introduces the patient samples and the relevant
experiments performed on tissue samples and then introduces the panel of cell lines and the

experiments performed on cell lines.

2.1 Patient Samples

Formalin-fixed paraffin-embedded (FFPE) tissue sections were acquired from the pathological
archives of Imperial College Tissue bank and St. Mark’s Hospital pathology department, and
a histopathologist selected the sections. Four different cohorts of tissue samples (Table 2.1,

2.2, 2.3 and 2.4) were used:

1) Eighteen FFPE of invasive ductal carcinoma (IDC) from 9 post-menopausal patients
between 40 to 68 and their matched contralateral normal breast were collected from
Imperial College Tissue Bank (REC number: 12/WA/0196).

2) Forty FFPE sections of IDC from 20 patients between 47 to 86 and their matched
contralateral normal breast were collected from Imperial College Tissue Bank (REC
number: 12/WA/0196)

3) Twenty FFPE samples from 12 pre-menopausal patients between 28 to 37 who have
undergone breast surgery were selected by Prof Sami Shousha from the archives of

Imperial College Tissue Bank (REC number: 12/WA/0196). Samples were divided into
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two age-matched groups, consisting of eleven benign (adenomas) and nine cancer
(IDC) samples.

4) Twenty-eight FFPE samples from 7 patients between 30 to 80 who have undergone
colitis-associated cancer (CAC) were collected from St. Mark's Hospital pathology
department (ethical approval from London North West NHS trust Research ref:
RD/16/084). Samples included quiescent (no active inflammation, normal), dysplastic

and cancer tissue.
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Table 2.1 Details of the FFPE sections of IDC tissue received from Imperial College Tissue

Bank.

Sample Age at

Number resection

1 68
2 64
3 40
4 49
5 50
6 62
7 41
8 66
9 55

Hormonal

receptor status

ER+ PR+ HER-

ER+ PR+ HER-

ER+ PR+ HER-

ER- PR- HER+

ER- PR- HER2-

ER- PR- HER2-

ER- PR- HER2+

ER- PR- HER+

ER- PR- HER-

56

Histological details

Grade 2 IDC

Grade 3 IDC with high-grade DCIS

Grade 3 IDC with intermediate-grade DCIS

Grade 3 1DC

Grade 2 IDC

Grade 3 1DC

Grade 3 IDC with high-grade DCIS

Grade 3 IDC

Grade 2 IDC



Table 2.2 Details of the FFPE sections of IDC tissue received from Imperial College Tissue

Bank.

Sample

Number

10

11

12

13

14

Age at

resection

47

47

52

63

59

68

55

76

71

86

75

54

74

59

Hormonal

receptor status

ER+ PR+ HER2+

ER+ PR+ HER2+

ER+ PR+ HER2+

ER+ PR+ HER2+

ER- PR- HER2+

ER- PR- HER2+

ER- PR- HER2+

ER- PR- HER2+

ER- PR- HER2-

ER- PR- HER2-

ER- PR- HER2-

ER- PR- HER2-

ER+ PR+ HER2+

ER+ PR- HER2-

Histological details

3 Foci of grade 2 IDC

Grade 3 1DC

Grade 3 IDC

Grade 2 mucinous carcinoma, adjacent

intermediate-grade DCIS

Grade 2 invasive mucinous carcinoma

Grade 3 1DC

Grade 2 IDC

Grade 3 IDC, adjacent high-grade DCIS

Grade 3 IDC

Grade 3 1DC

Grade 3 IDC

Grade 3 IDC

Grade 2 IDC

Grade 2 IDC



15

16

17

18

19

20

51

51

63

47

68

55

ER+ PR+ HER2+

ER+ PR+ HER2-

ER+ PR+ HER2+

ER+ PR+ HER2+

ER- PR- HER2-

ER- PR- HER2-
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Grade 2 IDC

2 Foci of IDC

2 Foci of grade 3 IDC

Multifocal grade 2

intermediate DCIS

Grade 3 IDC

Grade 3 IDC

IDC (x3);
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Table 2.3 Details of the FFPE sections of breast tissue received from Imperial College Tissue

Bank.

Sample

number

10

11

12

13

14

15

Age at

Diagnosis

33

30

37

41

40

36

32

37

37

36

32

28

31

33

32

Histological details

Grade 3 IDC

Grade 3 1DC

Grade 2 IDC

Grade 3 1DC

Grade 2 IDC with lymph node spread and DCIS

Grade 2 IDC

Invasive poorly differentiated lobular breast carcinoma

Grade 3 IDC with a large central necrotic area

IDC

Lactational change (B1)

Lactational change (B2)

Lactational change and fibrosis (B1)

Lactational change with focal lymphocytic infiltration (B1)

Lactational breast with focal fibrocystic and columnar cell

change

Lactational adenoma
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16

17

18

19

20

42

36

35

33

36

Lactational adenoma

Lactational adenoma

Infarcted lactational adenoma

Lactational induced change

Lactational adenoma
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Table 2.4 Details of the FFPE sections of CAC tissue received from St. Mark’s Hospital.

Sample number Sex Age at resection Histological details

1 Female 53 e 3 cancer blocks
e 3 dysplasia blocks

e 1 quiescent block

2 Female 52 e 1 cancer block
e 1 dysplasia block

e 3 quiescent blocks

3 Male 44 e 1 cancer blocks
e 1 dysplasia block

e 1 quiescent block

4 Male 72 e 2 quiescent blocks

5 Male 37 e 1 cancer block

e 1 quiescent block

6 Male 30 e 1 cancer block
e 2 dysplasia blocks

e 3 quiescent blocks

7 Male 49 e 1 cancer blocks
e 1 dysplasia blocks

e 2 quiescent blocks
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2.2 Immunohistochemistry (IHC)

As mentioned above, a global loss of 5hmC was reported in BC tissue. To prove previous
studies and understand where the demethylation markers work in human cells, IHC was
performed to investigate the abundance and localisations of 5hmC and 5mC (result
subchapter 3.1.1 and 3.1.4), and TET proteins (result subchapter 4.1.1) in human tissue

samples.

2.2.1 Optimisation for the protocols and antibodies

Optimisation of the antibodies targeting 5hmC, 5mC, 5fC, 5caC, TET1, TET2 and TET3 was
performed on human breast IDC tissue. Dr Lisa Del Bel Belluz previously performed the
optimisation of the anti-5hmC antibody. | performed the optimisation of the anti-TET2
antibody together with previous MRes student Liliane Eleid, and of the other antibodies. After
optimisation, a final concentration selected shows as below (Table 2.5), as the staining of the
antibody in the cells could be detected with minimal background. However, both 5fC and 5caC
antibodies gave negative staining with a final concentration of 1:100 for both two antibodies.
Due to the availability of antibodies and budget constraints, only one antibody was used to
test each antigen. This decision was based on limited experimental resources and financial
constraints. The antibodies were used well validated in previous experiments and were
already widely used in the laboratory. Characterization of the positive control samples was
based on past research experience in our laboratory, which demonstrated the reliable
properties of these positive control samples under our study conditions. Therefore, using
positive control samples can effectively verify our experimental results. In addition, to ensure

the accuracy of the experiments, the primary isotype antibody was used as a control for
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negative staining in all the experiments, including both IHC and immunocytochemistry (ICC).
This method helps eliminate possible false positive results and ensures the reliability of our
experimental results. The positive controls were well-characterized based on previous
experience in the laboratory. Samples were selected based on the research from past
colleague Mr Pramodh Chandrasinghe, which has validated the robustness of the

experimental procedures.

Table 2.5 Details of primary antibodies used in IHC and ICC.

Antibody Catalogue number | Host species Dilution factor Dilution factor

for IHC for ICC

5mC CST28692 Rabbit 1:1000 1:200
5hmC Active motif 39769 Rabbit 1:5000 1:200
5fC CST 74178S Rabbit 1:100 1:100
5caC CST 36836 Rabbit 1:100 1:100
TET1 HPA019032 Rabbit 1:50 1:100
TET2 ab94580 Rabbit 1:100 1:100
TET3 SAB2700682 Rabbit 1:50 1:100
Beta-actin ab6276 Mouse - 1:500
Isotype ab172730 Rabbit - 1:100
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Immunohistochemical staining of 5hmC was performed on 53 FFPE samples from 29 patients
(cohort 1 and cohort 2) with 30 IDC sections and 23 matched contralateral sections. The 5hmC
staining was also performed on 28 FFPE samples from 7 patients, including quiescent (no
active inflammation, normal, n=13), dysplastic (n=8) and cancer tissues (n=8). IHC of 5mC was
performed on 12 FFPE samples from 6 patients (cohort 1) with cancer and normal epithelial
sections (n=6). In addition, the IHC staining of TET1, TET2, and TET3 was performed on 16
FFPE samples from 9 patients (cohort 1) with 6 IDC sections and 10 matched contralateral

sections.

2.2.2 IHC of FFPE sections

FFPE sections of 5 um thickness were deparaffinised in xylene twice and rehydrated in
decreasing concentration of ethanol (twice in 100%, 90%, and 70%). The samples were
immersed in antigen retrieval, sodium citrate buffer (10mM Sodium Citrate, 0.05% Tween 20,
pH=6, all from Sigma-Aldrich, USA). To unmask cross-linking proteins, the sections were
incubated with hydrochloric acid (HCIl, 2M) for 15 minutes at room temperature (RT). The
sections were then incubated in 10% goat serum buffer (10% GS buffer, 10% Goat Serum in
PBS, Thermo Fisher Scientific) for an hour at RT in a humid chamber. All primary antibodies
were optimised by using breast cancer tissue as positive controls. Both positive control and
the samples were incubated overnight at +4°C with the relative primary antibody from Table
2.5 diluted in 10% GS buffer, followed by incubating secondary antibody biotin (anti-rabbit
immunoglobulins, Dako 0432) diluted 1:1000 in blocking buffer for an hour at RT. The samples
were then incubated in 0.3% hydrogen peroxidase in methanol for 20 minutes, after which

they were incubated for 40 minutes with streptavidin-HRP (Cell Signalling Technologies, USA)
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diluted 1:200 in blocking buffer. The sections were developed with 3,3'-diaminobenzidine
(DAB) substrate kit (Vector Laboratories, USA) at RT for 10 minutes and counterstained by
Gills I Haematoxylin (Sigma-Aldrich, USA) for 3 minutes. Then the sections were dehydrated
using serial dilutions of alcohol (70%, 90%, twice in 100% and twice in xylene) and mounted

with Eukitt (Sigma, USA).

2.2.3 Quantification of staining intensity and protein expression

The intensity of staining of 5hmC, 5mC and TET proteins in the tissue was quantified with
software (Visiopharm®©, Horsham, Denmark) after digital slide acquisition on a Nanozoomer
SQ slide scanner (Hamamatsu Photonics, Welwyn Garden City, UK). The software can
distinguish brown nuclei or cytoplasm stained with DAB from the purple ones stained with
haematoxylin after setting up the appropriate parameters (Figure 2.1). The epithelial cells of

interest have to be selected manually, marking specific areas on the H&E-stained sections as

control and to ensure lack of bias. After manually drawing a region of interest (ROI) based on

pathological examination, cells were labelled based on the presence of Haematoxylin. The

brown nucleus or cytoplasm is defined as a positive signal, and the purple nucleus or
cytoplasm is defined as a negative signal. Nuclei (or cytoplasm) were separated from the
background based on an intensity threshold set visually. The threshold was selected based on
the evaluation of the staining intensity of the cells. The percentage of quantification of
positive nucleus or cytoplasm against the total has been quantified by the programme. When
detecting the staining of the nucleus, the size of the nucleus was set to 1.2um, the sensitivity
was set to 77%, and the threshold was set to 61%. The ratio above this threshold was clarified

as strong positive, and the ratio below this threshold was clarified as weak positive. When
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detecting the degree of staining in the cytoplasm, use a similar method to evaluate and set
the nucleus's size and the cytoplasm's width. The size of the nucleus was set to 2um, the width
was set to 3um, the sensitivity was set to 60%, and the threshold was set to 73%. The ratio
above this threshold was clarified as strong positive, and the ratio below this threshold was
clarified as weak positive. Based on staining intensity, the results are shown as a numberin a

threshold from 0% to 100%.
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Figure 2.1 Immunohistochemistry staining and quantifications. Representative images of
serial sections from a 55-year-old female patient, with areas of invasive breast cancer and
normal epithelium. (scale bar = 100 um). H&E, 5hmC expression, automated quantification
nuclei of IHC, automated quantification cytoplasm of IHC are shown. Strong positive nuclei
are represented in red, weak positive nuclei are in yellow, and negative nuclei are in green.

Positive cytoplasm is represented in orange, and weak positive cytoplasm is in green.
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2.2.4 Statistical Analysis

GraphPad Prism (GraphPad, USA) software was used for the statistical analysis. An unpaired
T-test was used to compare the results between normal and cancer tissues. An unpaired T-

test were used to compare TET protein expression in normal or cancer tissues.

The correlation matrix was analysed by GraphPad Prism. For this analysis, only patients with
both paired cancer and normal epithelial sections were included (n=6). Data were analysed

by Pearson correlation coefficients, as the data passed the normality test.

A p-value equal to or less than 0.05 was considered statistically significant and indicated with
an asterisk (*p<0.05). Increasing statistical significance is indicated with more asterisk:

*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.

2.3 In situ Hybridisation (ISH)

This experiment aims to validate if TET2 mRNA is expressed differently between normal and
cancer tissue, therefore, in situ hybridisation (ISH) was performed to test the TET2 mRNA
expression on breast samples (cohort 4). This subchapter describes the optimisations and

workflow of RNAscope.

2.3.1 Optimisation for RNAscope

The expression of TET2 mRNA was measured on the tissue samples with RNAscope assay
(Advanced Cell Diagnostics (ACD, USA) using the manufacturer's protocol. TET2 mRNA
expression was evaluated using ISH with RNAscope using a probe for peptidylprolyl isomerase

B B (PPIB) as a positive control probe and a probe for the bacterial gene dapB as the negative
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control probe. The experiment was performed on 20 FFPE samples from 12 pre-menopausal

patients, comprising 11 benign and 9 cancer sections.

2.3.2 Workflow of RNAscope

Slides were baked in a dry oven at 60°C for 1 hour, deparaffinized in xylene twice for 5 minutes
each and 100% ethanol twice for 1 minute each, followed by an air dry for 5 minutes at RT.
Tissue sections were incubated with hydrogen peroxide for 10 minutes at RT, boiled in 1x
Target Retrieval buffer for 15 minutes and incubated with protease plus at 40°C for 30
minutes. Sections were then incubated with a target Hybridise Probe. The selected RNAscope
probes were Hs-TET2 probe (NM_017628.4, region 2684-3654, Cat N0.420051), Hs-PPIB
probe (positive-control probe, NM_000942.4, region 139-989, Cat N0.313901) and dapB
(negative control probe, EF191515, region 414-862, Cat N0.310043). The target mRNA was
amplified by the provided amplification probes, and the signal was developed using DAB A
and B solutions provided. Sections were counterstained with 50% Gill’s haematoxylin solution
for 2 minutes at RT and serially dehydrated and mounted with Vectamount (Vector

laboratories, UK).

2.3.3 Quantifications and analysis

The expression of TET2 mRNA was quantified by manual counting using the ImageJ software
(National Institute for Health, USA) after digital slide acquisition on a Nanozoomer SQ slide
scanner. After scanning the tissue slides, the signal of mRNA was normalised to the signal of
the positive control PPIB mRNA to evaluate the expression of TET2 mRNA (Figure 2.2). First,

epithelial regions of interest were randomly selected using the H&E and the positive control
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slides as control and to ensure lack of bias. After selecting the epithelial cells, the values for
HBS (H- hue, B- brightness and S-saturation) were adjusted so that the signal was specific to
the brown dots or clusters, which represents individual or multiple mRNA copies, respectively.
The numbers of pixels present in one single dot, representing one copy number of mRNA,
were estimated by averaging the number of pixels from 30 individual brown dots. As one copy
number corresponds to a single brown dot, a bigger dot or a cluster of dots represents more
MRNA copies. In each selected region, the number of mRNA copies was calculated by
measuring the total number of pixels divided by the average of pixels of one copy number of
mRNA. The final ratio of mRNA dots/cell was calculated by the number of mRNA copies
divided by the number of cells counted. The TET2 mRNA ratios were normalised to the PPIB
ratios to convert the normalized values to percentages. An unpaired T-test with Welch’s
correction was used to compare the results between cancer and benign tissues by Prism.

Statistically significancy was measured as above (materials and methods 2.2.4).
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Figure 2.2. Quantification of In situ hybridisation (ISH) using the ImageJ software. A) H&E of
benign breast tissue from a 31-year-old female patient. B) ISH of a serial section from the
same lesion (selected area in-set) and C) magnified (insert = 25 um) image of the selected
area. D) The epithelial duct is selected as the region of interest. E) The brown dots are selected
and marked as red. E) The red dots area is distinguished with a yellow border for the

calculation of pixels.

2.4 Cell culture

This subchapter describes how to culture cell lines used. The cells cultured were collected for

further experiments.

2.4.1 Cell lines

Five human mammary epithelial cell lines, one non-tumorigenic (MCF10), three breast cancer
cell lines (MCF7, BT474, and SKBR3) and one human embryonic kidney cell line (HEK293T)

have been used. All the cell lines were bought from ATCC, USA, and were kept in liquid
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nitrogen and - 80 °C. The specific culture conditions for each cell line are detailed in Table 2.6.
All cells were maintained in a 20% O,, 5% CO,, 37 °C cell culture incubator. All cells were
passaged with 1% Trypsin (Sigma Life Science, UK) in 0.02% EDTA solution in 0.5mM
Dulbecco’s phosphate-buffered saline (DPBS) (Sigma) when they have reached 70%-80%

confluence.

Table 2.6 Characteristic of cells and culture medium.

Cell lines Genotype (154) Medium Supplements

MCF10A ER-/PR-/HER2- Dulbecco’s Modified 5% Horse Serum, 20 ng/ml,
Eagle’s Medium F12 Human Epidermal Growth

(DMEM/F12; Sigma) Factor (hEGF), 0.5 mg/ml

hydrocortisone, 100 ng/ml

cholera toxin, 10 pg/ml

recombinant human

insulin, and 1% penicillin-

streptomycin (Invitrogen,

USA)
BT474 ER-/ PR+ /HER2+ Dulbecco’s Modified 10% (v/v) Fetal Calf Serum
Eagle’s Medium (FCS) and 1% penicillin-
(DMEM) streptomycin, 1% L-

HEK293T DMEM glutamine (Sigma).
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2.5 Immunocytochemistry (ICC)

To validate the localisations of demethylation marks and TET proteins, | performed ICC on
MCF10A and BT474 cells. This subchapter describes the optimisations of ICC protocol and

workflow of this experiment, and the results show in result 3.1.6 and result 4.1.3.

2.5.1 Optimisations of antibodies

The general protocol was downloaded from the Abcam website
(https://www.abcam.com/protocols/general-western-blot-protocol). The concentration of
0.1% or 0.3% Triton x-100 in PBS was first used to improve the penetration of the antibody in
the cells. To break protein cross-links, the time for the incubation with 2M HCI at RT was first
tested on the cells for 15 minutes, 30 minutes and 1 hour, respectively. The one-hour
incubation time was selected for further experiments. Optimisation of the anti 5mC (1: 1600,
1:1000, 1:500, 1:200), 5hmC (1:1000, 1:200), 5fC (1:1000, 1:500, 1:200, 1:100), 5caC (1:1000,
1:500, 1:200, 1:100), TET1 (1:1000, 1:100, 1:50, 1:25), TET2 (1:1000, 1:100, 1:50, 1:25), TET3

(1:2000, 1:100, 1:50, 1:25) was serially diluted in 10% goat serum and incubated at RT.

After optimisation on human breast cell lines, the working concentration of Triton X-100 is
0.3% diluted in PBS and incubation an hour at RT was chosen for 2M HCl. The final
concentration of each antibody was shown in Table 2.5, and the primary isotype antibody

with the final concentration of 1:100 gave negative staining.
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2.5.2 Workflow of ICC

Round cover glasses of 12mm thickness were coated by poly-D-lysine hydrobromide (0.1%
(w/v) in water, Sigma-Aldrich, USA) for 5 minutes. After the cover glasses were completely
dry, 10,000 cells were seeded into 24-well plates for two days. To allow the fixation of the
cells on the cover glass, 4% paraformaldehyde diluted in 0.3% Triton X-100 in PBS (0.3%PBST)
(pH 7.4, Thermo Fisher Scientific) was added into wells for 15 minutes at RT. Samples were
incubated for 10 minutes with 0.3% Triton X-100 to permeabilize the cell membrane and then
incubated in 2M HCl for 1 hour. Next, the samples were incubated with 10% goat serum buffer
(10% Goat Serum in PBST, Thermo Fisher Scientific, USA) for 1 hour at RT to block the
unspecific binding. The samples were then incubated in primary antibody (Table 2.5) diluted
in 10% goat serum buffer for an hour at RT in a humid chamber. Followed by an hour blocking
in 10% goat serum, samples were then incubated in the secondary antibody (Table 2.7)
diluted in 10% goat serum buffer for an hour at RT. Samples were incubated in Hoechst 3325
(Sigma) for one minute and finally mounted with ProLong Gold antifade reagent (Thermo

Fisher Scientific). The images were taken by Leica TCS SP5 confocal microscope.

Table 2.7 Details of Secondary antibody used in ICC.

Antibody Catalogue number Species Dilution factor
Alexa Fluor 488 A11034 Rabbit 1:1000
Alexa Fluor 568 A11004 Mouse 1:1000
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2.6 Quantification of hydroxymethylated DNA

To validate if the global 5hmC decrease in cancer cells, | performed a colorimetric assay to
measure the level of global 5hmC in breast cell lines. This subchapter will describe how the
DNA was extracted from human breast cell lines and how the colorimetric assay was used to

test the hydroxymethylation level in human breast cell lines.

2.6.1 DNA extraction

Total DNA was prepared using DNeasy Blood & Tissue Kit (Qiagen, Germany), following the
manufacturer's protocol, and quantified using NanoDrop ND1000 spectrophotometer
(Thermo Fisher Scientific, USA). Briefly, an appropriate number of cells was lysed in 20 pl
Proteinase K and 200 pl Buffer AL, mixed by vortexing and incubated at 56°C for 10 minutes.
Cells were then mixed with 200 ul 100% ethanol by vortexing. Next, the mixture was applied
into the DNeasy Mini spin column, followed by adding Buffer AW1 and AW2 and centrifuging
to dry the membrane. Finally, DNA was eluted in 30 ul of DNase-free water after 1-minute

incubation.

2.6.2 Workflow of Colorimetric assay

The global abundance of hydroxymethylation in the DNA was detected using MethylFlashTM
Hydroxymethylated DNA Quantification Colorimetric Kit (Epigentek, USA), which was
guantitated with a capture antibody a colorimetric reaction. According to the manufacturer,
the detection limit of the input DNA can be 40 pg of hydroxymethylated DNA with a dynamic

range from 40 pg to 20 ng, and the analytic sensitivity of the assay is about ten-fold higher
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than that obtained by HPLC (0.008% vs 0.08%). Moreover, there is no cross-reactivity to
methylcytosine and unmethylated cytosine. Briefly, samples and positive controls at different
concentrations (0%-1%) were loaded into each well vertically, followed by 100 ul binding
solution in each well. The solution was mixed, covered by parafilm, and incubated at 37°C for
an hour. After incubation, the binding solution was removed and washed by 1X wash buffer
(diluted in distilled water from 10X wash buffer) three times. The detection complex solution
was then added to each well and incubated at RT for 50 minutes. After washing five times of
1X wash buffer, the developer solution was added to each well vertically and incubated at RT
until the 1% positive control turning to deep blue. To stop the reaction, the stop solution was
added into each well vertically. Absorbance at 450nm was read using a Sunrise™ microplate
reader (Tecan, Switzerland). An unpaired T-test was used for comparing the results between

normal and cancer cell lines.

2.6.3 Quantifications and analysis

Based on the protocol, 100ng genomic DNA was used for each sample. The levels of
hydroxymethylated DNA were detected by colorimetry, and the amount of 5hmC,
proportional to the Optical Density (OD) intensity, was measured in three independent
biological repeats, with technical duplicates in each. The 5hmC amount was calculated using
second-order logarithmic regression (Figure 2.3) based on the manufacturer's user guide. An

unpaired T-test was used to compare normal (MCF10A) and cancer (BT474) cells.
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Standard curve for colorimetric assay
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Figure 2.3 Standard curve calculated by logarithmic second order regression. Different
concentrations of hydroxymethylated DNA (positive controls) were added into the assay wells
and then measured with colorimetric kit following the protocol. The calibration curve for
quantitation of the content of 5hmC is calculated by logarithmic second order regression. R

square is shown in figure (R?).

2.7 Dot blot

With IHC, cytoplasmic 5hmC was detected in breast and colon cancer cells. Therefore, to
investigate if 5ShmC was present in the RNA, | performed the dot blot experiments on different
classes of RNA. This subchapter describes the workflow and optimisation of the dot blot and

the preparation of different RNA samples.

2.7.1 RNA extraction

Total RNA was isolated using miRNeasy Mini Kit (Qiagen), according to the manufacturer’s

protocol and quantitated it using a NanoDrop ND1000 spectrophotometer (Thermo Fisher
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Scientific). Briefly, cells were harvested and lysed by mixing with 700 ul Trizol (Qiagen) in a
1.5 mL microcentrifuge tube. The lysate was mixed with 140 pl chloroform and shaken
vigorously for 15 seconds, then centrifuged for 20 minutes at 12,000 x g at 4°C. Next, the
upper aqueous phase was transferred to a new tube and added with 1.5 volumes of 100%
ethanol. The mixture was added to a miRNeasy Mini spin column and centrifuged at 8000 g
for 15 seconds at RT. This step followed a single wash with 700 ul Buffer RWT and two washes

with 500 pl RPE. Finally, RNA was eluted by 30 ul RNase-free water.

2.7.2 Large and small RNA isolation

Large RNAs (>200 nt) and small RNAs (<200 nt) were isolated using miRNeasy Mini Kit (Qiagen),
according to the manufacturer’s protocol and quantitated using Agilent 2200 TapeStation

system (Agilent, USA).

Cells were harvested and lysed by mixing with 700 pl Trizol Reagent in a 1.5 mL
microcentrifuge tube. The lysate was mixed with 140 pl chloroform and shaken vigorously for
15 seconds, then centrifuged for 20 minutes at 12,000 x g at 4°C. The upper aqueous phase
was transferred to a new reaction tube mixed with 350 ul of 70% ethanol by vortexing. The
sample was transferred into RNeasy Mini spin columns and centrifuged at 8000 x g for 15
seconds at RT. The flow-through, which contains small RNAs, was transferred into a new tube,

and the large RNAs were bound on the RNeasy Mini Spin columns.

To purify the small RNAs (<200 nt), the flow-through was transferred into a new tube and
added 0.65 volumes of 100% ethanol mixed thoroughly by vortexing. The sample was
transferred into an RNeasy MinElute spin and centrifuged for 15 seconds at 28000 x g at RT.

To wash the column, 700 pl Buffer RWT, 500 ul Buffer RPE and 500 pl of 80% ethanol was
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added stepwise to the samples, followed by centrifuging 15 seconds at 28000 x g after each

step. Small RNAs were eluted by 14 pl RNase-free water.

To purify large RNAs (>200 nt), the RNeasy Mini spin columns were placed into the new tubes
followed by one wash with 700 pl Buffer RWT, two washes with 500 pl Buffer RPE, and after
each wash centrifuged for 15 seconds at 28000 x g respectively. The large RNAs were eluted

by 30 pl RNase-free water after centrifuging for 1 minute at 28000 x g.

2.7.3 mRNA isolation

MicroRNA was isolated using NEBNEXT Poly(A) mRNA magnetic isolation module kit (New
England Biolabs, USA), according to the manufacturer’s protocol and quantitated it using

Agilent 2200 TapeStation system.

To wash the beads, 100 pl of RNA binding buffer was added to the well resuspended NEBNext
Magnetic Oligo d(T)25 Beads and mixed thoroughly. The beads were washed twice and
resuspended by 50 pl of RNA binding buffer. The total RNA sample was heated at 65°C for 5
minutes and held at 4°C to denature the RNA and facilitate the binding of the poly-A-RNA to
the beads. The beads were resuspended by pipetting up and down to mix thoroughly, and the
tubes were incubated at RT for 5 minutes to allow the RNA to bind to the beads. The sample
was put on the magnetic rack at RT for 2 minutes, and the supernatant was removed. The
beads were washed twice by a 200 ul wash buffer. The sample was heated at 80°C for 2
minutes, then held at 25°C. Next, the sample was mixed with 50 ul RNA Binding buffer and
incubated at RT for 5 minutes twice, after discarding the supernatant by standing on the
magnetic rack for 2 minutes at RT. The samples were washed with the 200 pl wash buffer and
placed on the magnetic rack at RT for 2 minutes. To elute the poly-A mRNA from the beads,
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the sample was added to 17 ul Tris Buffer and incubated at 80°C for 2 minutes, then held at
25°C. The samples were immediately placed on the magnetic rack for 2 minutes. The purified

mMRNA was collected by transferring the supernatant to a clean nuclease-free PCR Tube.

2.7.4 Optimisations of the samples

After optimisation, 50 ng and 25 ng of genomic DNA, 1000 ng of total RNA, 200 ng of large
RNA (>200 nt), 200 ng of small RNAs (<200 nt), and 1000 ng of mRNA were used for the dot
blot experiment (Figure 2.4). A hydroxymethylated polynucleotide (Epigentek, USA) was used
as the 5hmC (positive) control, a methylated polynucleotide was used as the 5mC (negative)
control, and an unmethylated polynucleotide was used as the unmethylated cytosine
(negative) control. Each control has 0.15 ng, and the dot of the positive control contains 0.03

ng 5hmC.

DNA or RNA
concentration

Figure 2.4 Dot blot. DNA or RNAs are crosslink to an Hybond-N+ membrane with two or three

serial dilutions, triplicates each.



2.7.5 Workflow of dot blot

The protocol was optimised based on a previous study (155). The isolated DNA, RNA, large
RNA, small RNAs and mRNA from cell samples were denatured at 95 °C for 3 minutes. The
samples were crosslinked to an Amersham Hybond-N+ membrane (GE Healthcare, USA) by
Stratalinker 2400 UV Crosslinker (Stratalinker, USA), followed by blocking in 5% non-fat milk
(w/v) in PBS for 1 hour at RT. Next, the membrane was incubated in rabbit anti-5hmC primary
antibody (Active Motif, USA, diluted 1:5000 in 5% non-fat milk) overnight at 4°C. Then, the
membrane was incubated in anti-rabbit IgG-HRP (Dako, Denmark, diluted 1:5000 in 5% non-
fat milk) for 1h at RT followed by exposure with Pierce ECL Western Blotting Substrate
(Thermo Fisher Scientific). The blot was developed by film or iBright CL1500 (Thermo Fisher

Scientific).

2.7.6 Quantification and analysis

After development, the dot blot image was analysed by using ImageJ’s gel analysis function.
The relevant 5hmC intensity was analysed by comparing the dot with the positive control on
the same membrane. Sidak’s multiple comparisons test was used to compare the results

between normal (MCF10A) and cancer (BT474) cells.

2.8 Functional assay

To investigate the regulatory role of 5ShmC and TET proteins, cells were treated with siRNA to
knockdown the TETs expression and were seeded for the following assays: gPCR to examine

if TET mRNA and other target genes are downregulated, proliferation assay to test whether
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downregulating TET mRNA expression affected cell proliferation and colorimetric assay (same
as 2.6.2) to examine if the global level of 5hmC would change after TET mRNA downregulation.
In this subchapter, the transfection of siRNA into cell lines is described alongside the

functional assays.

2.8.1 siRNA Reverse Transfections

2.8.1.1 Optimisations of reverse transfection

Cells were grown in antibiotic-free medium and transfected with Lipofectamine 2000 or
RNAiIMAX transfection reagents (Invitrogen). To determine the highest transfection efficiency,
the HEK293T cell line was used where the cells were transfected with different transfection
reagents in 10 cm dish, 6 cm dish, 6-well plates shown below. Based on the manufacturer’s
protocol, HEK293T cells were transfected with 10 nM and 20 nM siRNA, respectively, to test
the efficiency. HEK293T cells were seeded into 10 cm dishes with the final concentration of
10 uM siRNA (using Lipofectamine 2000) or 20 uM siRNA (using RNAIMAX) on day 0, then
resuspended and seeded into 6 cm dishes, 6-well plates, and 96-well plates on day 1. Cells
were harvested 48 hours, 72 hours, and 96 hours after transfecting siRNAs for future

experiments. The condition which was used is shown below (Table 2.8).

82



Table 2.8 Optimised transfection conditions.

10 cm dish

10 cm dish

6 cm dish

6 cm dish

6-well plate

6-well plate

96-well plate

96-well plate

Transfection reagent

30 pl Lipofectamine 2000 / well

20 pl Lipofectamine RNAIMAX / well

15 pl Lipofectamine 2000 / well

10 pl Lipofectamine RNAIMAX / well

7.5 pl Lipofectamine 2000 / well

5 ul Lipofectamine RNAIMAX / well

0.3 pl Lipofectamine 2000 / well

0.2 pl Lipofectamine RNAIMAX / well
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OptiMEM

500 ul

2000 i

250 pl

1000

125 pl

500 pl

5ul

20 ul

siRNA (20 uM stock)

5 ul (final 10 nM)

10 pl (final 20 nM)

2.5 ul (final 10 nM)

5 ul (final 20 nM)

1.25 pl (final 10 nM)

2.5 ul (final 20 nM)

0.05 ul (final 10 nM)

0.1 ul (final 20 nM)



2.8.1.2 Workflow of siRNA transfection

Predesigned ON-TARGET plus SMART pool siRNAs, negative control ON-TARGET non-
targeting Pool siRNA were purchased from Dharmacon, USA. All target sequences are listed
in Table 2.9. siRNA pellet was resuspended in 1x siRNA buffer (60mM KCl, 6mM HEPES-pH 7.5,
and 0.2 mM MgCly). For 5 nmol of siRNA pellet and a 20 uM stock concentration, 250 pl 1x
siRNA buffer was added and the solution was mixed with pipetting up and down 3-5 times.

The solution was then placed on an orbital shaker (300rpm) for 30 minutes at RT.

siRNAs were transfected into HEK293T, BT474 and MCF10A cells at a final concentration of
20 nM in antibiotic-free conditions using Lipofectamine RNAIMAX (Thermo Fisher Scientific,
USA) according to the manufacturer's reverse transfection protocol. Briefly, 20 ul stock siRNA
(20 uM) was diluted in 3980 ul Opti-MEM | Medium without serum and mixed well. The
mixture was then added 40 pl Lipofectamine RNAIMAX containing the diluted RNAi molecules
and mixed well. The mixture was incubated for 1 hour at RT. While incubating, cells were
seeded into two 10 cm dishes with 4 M cells in each plate. To each 10cm dish, the final RNA
concentration is 20 nM in a final volume of 10 ml on day 0. Cells were incubated 24 hours at
37°Cin a COzincubator and then resuspended and seeded into 6 cm dishes, 6-well plates, and
96 well-plates on day 1. Cells were harvested or fixed on 24 hours, 48 hours, 72 hours, 96

hours, 120 hours, and 144 hours after transfecting siRNAs for further experiments.
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Table 2.9 Target sequence of siRNAs.

Target

TET1

TET2

TET3

Negative control

(Scramble)

Target sequence (5’-3’)
GAGAAUAGGUAUGGUCAAA
CUGUCUUGAUCGAGUUAUA
CCUUAACUCGAGAAGAUAA
GCACGCAUGAAUUUGGAUA
ACAAGAAAGUAGAGGGUAU
ACACCUAGUUUCAGAGAAU
CCUCAGAAUAAUUGUGUGA
CAGCAAAGGUACUUGAUAC
AAACAAAGCAAGUCGAGAA
GGGCAAGAUUCCCGAGGAU
CAUAUUAUAGCAACGGAAA
ACGAGGAAAUAGCGAUUGA
UGGUUUACAUGUCGACUAA
UGGUUUACAUGUUGUGUGA
UGGUUUACAUGUUUUCUGA

UGGUUUACAUGUUUUCCUA
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2.8.2 Reverse Transcription and Real-time Quantitative Polymerase Chain Reaction (RT-
qPCR)

2.8.2.1 Reverse Transcription and RT-qPCR

To investigate the expression of mMRNA, cDNA was first prepared from 1000 ng total RNA using
Maxima First Strand cDNA Synthesis Kit for RT-qPCR (Thermo Fisher Scientific) according to
the manufacturer’s instructions. 20 ng cDNAs were amplified using Fast SYBR Green Master
Mix (Thermo Fisher Scientific) and 1 uM forward and reverse primers (see Table. 2.10) using

the StepOne Plus Real-Time PCR System software (Applied Biosystems, USA) in 96-well plates.
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Table 2.10 Primer Sequences for SYBR Green Real-Time qPCR

Genes

RPLPO

POLR2A

TET1

TET2

TET3

DNMT1

DNMT3a

Ki67

MCM2

BCL-2

BCL-w

ESR1

GATA3

Forward Primer

5’ - GCAGCATCTACAACCCTGAAG - 3’

5’ - GCAAATTCACCAAGAGAGACG - 3’

5" - AACGGAATCCAACGGGAAGG - 3’

5 - GATAGAACCAACCATGTTGAGGG - 3’

5’ - TCCAGCAACTCCTAGAACTGAG - 3’

5" - CCATCAGGCATTCTACCA - ¥

5 - TATTGATGAGCGCACAAGAGAGC - 3’

5- TCCTTTGGTGGGCACCTAAGACCTG - 3’

5'- AGGCAGCATCCCCATTAC - 3'

5 - GATGTGATGCCTCTGCGAAG - 3’

5’ - CATCTCTGCCCCCTCTGCTGA - 3’

5 - GCTTACTGACCAACCTGGCAGA - 3’

5 -TTTTTTTGGAATTTTAGTTTTTTTT - 3’
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Reverse Primer

5" - CACTGGCAACATTGCGGAC - 3’

5 - CACGTCGACAGGAACATCAG - 3’

5’ - TGCCATCACGTTAGCACACT - 3’

5 - TGGAGCTTTGTAGCCAGAGGT - 3’

5" - AGGCCGCTTGAATACTGACTG - 3’

5 - CGTTCTCCTTGTCTTCTCT - 3’

5" - GGGTGTTCCAGGGTAACATTGAG - 3’

5- TGATGGTTGAGGTCGTTCCTTGATG - 3’

5'- TCACATAGTCCCGCAGAT - 3!

5 - CATGCTGATGTCTCTGGAATCT - 3’

5’ - GGATGACCTTGCCCACAGCCT - 3’

5 - GGATCTCTAGCCAGGCACATTC - 3’

5’ - CACCTAATACTTAAAACACTCTTTCTC - 3’



2.8.2.2 Analysis

Data were analysed by the delta-delta Ct method (the symbol A refers to delta): ACt is used
to determine the amount of mRNA expression within individual groups calculated by Ct
(target gene) - Ct (HSK). Two housekeeping genes were used: Ribosomal Protein Lateral Stalk
Subunit PO (RPLPO) (156) and RNA polymerase Il subunit A (POLR2A) (157). The Ct (HSK) is
defined as Ct mean of RPLPO and POLR2A. Expression fold change between untreated and
siRNA treated groups was calculated with 2A-AACt, where AACt = ACt (siRNA treated) - ACt
(Scramble). The two-way ANOVA was used to analyse the TET mRNA expression at different
time points, and the one-way ANOVA was used to analyse the target gene expression in BT474

cells treaded 48 hours. Statistical significance is the same as 2.2.4.

2.8.3 Proliferation assay

Cells were seeded in five replicates in 96-well plates (3,000 cells/well) with antibiotic-free
DMEM on day 1, transfected with siRNAs as above on day 0. The plate was then put into
IncuCyte ZOOM (Essen BioScience, USA), and images of the vessel were collected every 4
hours from day 2 to day 7. Four regions of interest were taken for each well and saved in an

image collection by clicking on the “Create or Add to Image Collection” link.

For Image analysis, the Incucyte software was used to determine cell confluence per image.
The set-up of image analysis in brief: To analyse the software was trained specifically for the
MCF10A and BT474 proliferation assay. “Basic Analyser” from the Analysis job Type
dropdown menu was selected. The “New” was selected and assigned a new name when

adding the first image of a collection.
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The New Processing Definition was created to measure the cell confluence. The process
started by clicking on the” New Processing Definition” link within the Vessel View and
selecting the image Collection. Several images from different time points were selected and
added to the Image Collection. The Basic Analyzer Processing Definition Editor defaulted to
the image collection selected in the previous steps. The cells and backgrounds were
differentiated by altering Segmentation Adjustment and Adjust Size in Training Image
Collection. The training was performed until the cells from selected images were selected
with parameters and recognised by the confluence mask. When the optimal settings were

determined, they were used for analysis.

After analysis, the parameter of the percentage of Phase Object Confluence was chosen, and
phase data were exported to an excel file. The value is the mean of the percentage of phase
object confluence of each technical repeat. The Mann-Whitney test was used to determine
the significance of the difference in cell proliferation compared to the untreated cells

(negative control). Statistical significance is the same as 2.2.4.

2.9 Kaplan-Meier survival plots

To analyse the correlation between TET mRNA expression and patient survival , data were
extracted from the Kaplan-Meier survival plot: http://kmplot.com/analysis/(158). Gene
probes were selected as Jetset best probe set, which is the optimal probe set: TET1 228906 _at,
TET2 227624 _at, TET3 235542_at. The patients were split by auto select best cutoff (values
between lower and upper quartiles), which is the best performing threshold, and the overall
survival of all these patients was measured (BC patient, n=943, ovarian cancer patient, n=655).

Gene expression data and overall survival information were downloaded from GEO
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(https://www.ncbi.nlm.nih.gov/geo/), EGA (https://www.ebi.ac.uk/ega/home) and TCGA
(https://cancergenome.nih.gov/). To investigate the TET mRNAs expression and patient
survival rate in different subtypes, intrinsic subtypes were categorised in the following major
molecular subtypes: basal-like (ESR1-/HER2-), Luminal A (ESR1+/HER2-/MKI67 low), Luminal

B (ESR1+/HER2-/MKI67 high and ESR1+/HER2+), HER2+ (ESR1-/HER2+).
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3. Result 1:

The localisation of demethylation marks and the presence of 5hmC

Here the first and second research questions (whether the distribution of 5hmC changes
between normal breast and breast cancer cells, and whether 5hmC plays any regulatory
function through the methylation of different classes of RNA) are investigated. The aims of
this chapter are to present data on: a) whether demethylation markers are differentially
expressed in normal breast compared to BC in human tissues (3.1.1 and 3.1.4) and in cells
(3.1.5 and 3.1.6), b) to verify if levels of 5hmC are related to the hormonal receptor status of
breast cancer (3.1.2), and c) to investigate the 5hmC presence in the RNA (3.1.7). To achieve
this, | aimed to validate the global 5hmC levels in breast cell lines, investigate the localisations
of demethylation markers, and to identify the presence of 5hmC in DNA and RNA for further

characterisation.

DNA methylation plays an essential role in regulating gene transcription and carcinogenesis
in different cancers, including breast cancer (159, 160). During the demethylation process,
the methylation of cytosine is converted in a stepwise sequence to 5hmC, 5fC, 5caC by the
TET family of proteins. As discussed in the introduction, loss of 5hmC can be found in solid
cancers, including breast cancer, compared to adjacent non-affected epithelia, and loss of
5hmC was shown as a poor prognostic factor in ER/PR- negative breast cancer patients (96,
161). These studies suggest the levels of 5hmC are altered in breast cancer progression, and
they may also be related to hormonal receptor status. Moreover, the levels of 5caC were
found increased in breast cancer tissue compared to normal breast tissue but not associated

with the levels of 5hmC in cancer tissues (104). These studies suggest that all these
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demethylation marks could have a regulative role in breast cancer progression. Therefore, it
would be helpful to verify the abundance and distributions of these demethylation marks in
breast cancer cells compared to normal cells and compare them in different hormonal

receptor statuses.

Several studies hypothesised that 5hmC contributes to the regulation of transcription, as
hydroxymethylation has been found in the RNA of mammalian cells, in the mRNA of
Drosophila and mouse embryonic stem cells (96, 97, 162-164). However, up to now, there is
lack of knowledge on whether 5hmCis present or regulated in the RNA of human breast cells.
Thus, it would be valuable to investigate if 5ShmC is present in any class of RNA in breast cell

lines, as this will help us explore the functions of hydroxymethylation.

Additionally, another study found that modified nucleotides can undergo recycling processes
from the DNA of dying cells within the cellular cytoplasm (165). 5-hydroxymethyl-
2'deoxycytidine (5hmdC) and 5-formy-2'deoxycytidine (5fdC), but not 5-carboxyl-
2'deoxycytidine (5cadC) exhibit susceptibility to cytidine deaminase (CDA) catalysis, resulting
in the cytotoxic 5-hydroxymethyl-2’deoxyuridine (5hmdU) and 5-formyl-2'-deoxyuridine
(5fdU) (165). Given the structural similarity between 5hmC and 5hmdC, it is conceivable that

analogous recycling pathways may exist for 5hmcC.
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3.1 Results

3.1.1 The breast cancer epithelium is characterised by a significantly higher proportion of

positive cells of cytoplasmic 5hmC

To verify how the level of 5hmC changes between normal and cancer cells in human tissues,
IHC to detect 5hmC was performed together with Dr Lisa Del Bel Belluz on 53 FFPE samples
from 29 patients (cohort 1 and cohort 2, Dr Del Bel Belluz performed on cohort 1 and |
performed on cohort 2) with 30 IDC sections and 23 matched contralateral sections (cohort 1
and cohort 2) (see patient samples details in the subchapter 2.1, methods in the subchapter

2.2).

Previous studies only quantified the global cellular level and did not investigate specific
subcellular localisations. It is interesting to consider the sublocalisation of 5hmC in the breast
epithelium, because it may indicate the location of this modification (in DNA or RNAs). Thus,
in this experiment, the intensities of nuclear and cytoplasmic staining were quantified

separately.

The staining indicated that 5hmC was clearly expressed in the breast epithelium, not only in
the nucleus but also in the cytoplasm (Figure 3.1). Interestingly, there was no significant
difference in the proportion of positive cells of 5hmC in the nucleus between normal and
cancer epithelium (p=0.408, Figure 3.1 B). However, the proportion of positive cells of
cytoplasmic 5hmC was significantly more present in cancer tissues than in normal tissues

(p=0.012, Figure 3.1 B), which has not been reported before.
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Figure 3.1 5ShmC immunohistochemistry staining. Panel A) Representative images from serial
sections from a 55-year-old female patient, with areas of invasive breast cancer and normal
epithelium, showing H&E staining (left) and 5hmC levels (right, in brown). (Upper two scale
bar = 100 um, lower two scale bar = 25 um). The figure in the first row is duplicated as the
first row in Figure 2.1. The red arrow indicates strong positive staining in nuclei, the yellow
arrow indicates weak positive staining in nuclei, and the blue arrow indicates negative staining
in nuclei. The orange arrow indicates positive staining in cytoplasm and the green arrow
indicates negative staining in cytoplasm. Graph B) Box plots showing the percentage of
positive cells of 5hmC in the nuclei, or the cytoplasm as calculated with a digital software. The
lines represent the mean, and the SD. Statistical analysis was performed with an unpaired T-
test on each cohort and statistical significance is indicated with an asterisk: * = p<0.05. From
the total of the 29 patients, normal tissue was missing from 7 patients (normal section n=22)
and 2 patients provided more than one cancer section (cancer section n=31), thus not

allowing a full paired comparison.
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3.1.2 The cancer epithelium from ER- patients is characterised by a significantly higher

proportion of positive cells of cytoplasmic 5ShmC

As it was mentioned above, previous studies indicate that the levels of 5hmC may be
associated with hormonal receptor status (161, 166). However, Tsai and colleagues only
pointed out the association between the low level of 5hmC and a poor survival rate for ER/PR-
subtype (161). They observed the different subcellular localisations of TET1 and TET2, but
they did not mention the cytoplasmic 5hmC in breast tissue. For this reason, they did not
investigate the association between subcellular 5hmC and breast cancer subtypes. |,
therefore, analysed the same patient data from above by dividing the samples by hormonal
receptor status. Samples were split into four groups: triple positive (ER+ PR+ HER+), triple
negative (ER- PR- HER2-), ER+ PR+ HER2- and ER- PR- HER2+. Interestingly, the proportion of
positive cells of 5ShmC were not correlated with the combined status of the three receptors in
neither the cellular compartments (Figure 3.2). While most samples were characterised by a
high heterogeneity in the amount of 5hmC, the ER- PR- HER2+ patient group was particularly
interesting. In this group, 83% (5/6) of the samples showed a higher proportion of positive
cells of cytoplasmic 5hmC in the cancer epithelium compared to normal (Figure 3.2 F). In ER+
PR+ HER2- groups, two out of three samples have lower proportion of positive cells of
cytoplasmic 5hmC in cancer compared to normal (Figure 3.2 H-K). Interestingly, the
proportion of positive cells of nuclear 5hmC decreases from normal to cancer epithelium
(Figure 3.2 G). This could be a tendency of decrease in ER+ PR+ HER2- patients, however, more

repeats are needed to confirm this hypothesis.

The samples were therefore divided into ER positive and ER negative groups (Figure 3.3) and

the correlation between the expression of the receptor and 5hmC was tested with both
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unpaired and paired T-test. While the expression of ER was not significantly correlated with
differences in the proportion of positive cells of 5hmC in the samples (Figure 3.3 A-B), the
absence of the ER was associated with a different proportion of positive cells of 5hmC. In
particular, the proportion of positive cells of cytoplasmic 5hmC was significantly higher in the
cancer epithelium of ER negative patients compared to the normal matched controls
(Wilcoxon test, p=0.048, Figure 3.3 D-E). Finally, there was no significant difference in the
proportion of positive cells of 5hmC between cancer and normal epithelium after HER2

stratification (Figure 3.4).

To determine whether the age of patients or the grade of BC is associated with an alteration
for the proportion of positive cells of 5hmC, | examined the correlation between these three
variables. Cancer samples and their matched normal sample were stratified according to the
grade of the tumour (grade 2 or 3, Figure 3.5). For neither group, a correlation was observed.
However, it was interesting to observe a strong division between high and low proportion of
positive cells of 5hmC in the cancer of grade 3 samples, possibly due to the ER receptor levels.
There were totally fourteen grade 3 patients, including three ER+ patients and eleven ER-
patients. In eleven out of fourteen (78.6%) grade 3 patients, the proportion of positive cells
of nuclear 5hmC and of cytoplasmic 5hmC showed the same correlation compared normal to
cancer (Figure 3.5 C-D). In ER+ patients, two out of three (66.6%) had lower proportion of
positive cells of nuclear 5hmC in cancer compared to normal (Figure 3.5 C). Meanwhile, same
patients (66.6%) also had lower proportion of positive cells of cytoplasmic 5hmC in cancer
compared to normal (Figure 3.5 D). In ER- patients, seven out of eleven (63.6%) patients had
lower proportion of positive cells of nuclear 5hmC in cancer compared to normal (Figure 3.5
C), while seven out of eleven (63.6%) patients had higher proportion of positive cells of

cytoplasmic 5hmCin cancer compared to normal (Figure 3.5 D). Moreover, eight out of eleven
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patients showed the same changes compared cancer to normal. Loss of ER may lead to an

increase of 5hmC in grade 3 patients, which could be an explanation for this trend.

Besides, the samples in the different grades were not found to have any correlation between
5hmC and hormonal receptor status. Therefore, the proportion of positive cells of 5hmC were
not correlated with the grade of breast cancer (Figure 3.5). In addition, | performed a
Spearman r test between the proportion of positive cells of 5hmC staining and age. However,
| did not detect any correlation between the age of resection and the proportion of positive

cells of 5hmC in this cohort (Figure 3.6).
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Figure 3.2 (Previous page) The proportion of positive cells of 5hmC after stratification of the
samples based on the hormonal receptor status of the cancer. The graphs A-H) show the
abundance of 5hmC (as percentage of positive cells) in the nuclei or the cytoplasm. Unpaired
T-test was performed only on the samples where matched cancer and normal (non-affected)
epithelium was provided. TP represents triple positive, and TN represents triple negative
samples. Panel I-K) Representative images from serial sections from three ER+ PR+ HER2-
patients, with areas of invasive breast cancer and normal epithelium, showing H&E staining
(left), and 5hmC levels (in brown; middle, scale bar = 100 um; right, scale bar = 50 um). The

orange arrow indicates positive staining in cytoplasm.
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Figure 3.3 The proportion of positive cells of 5hmC after stratification of the samples

according to the ER status of the cancer. Graph A) and B) are from patients with ER positive

cancer. C) and D) are from patients with ER negative cancer. The graphs show the abundance

of 5hmC (as percentage of positive cells) in the nuclei or the cytoplasm. Paired T-test was

performed only on the samples where cancer and matched normal (non-affected) epithelium

was provided. Significance is indicated with an asterisk: * = p<0.05. Panel E) Representative

images from serial sections from a 55-year-old female patient (ER-, PR-, HER2+), with areas of

invasive breast cancer and normal epithelium, showing H&E staining (left), and 5hmC levels

(in brown; middle, scale bar = 100 um; right, scale bar = 50 um). The orange arrow indicates

positive staining in cytoplasm.
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Figure 3.4 The proportion of positive cells of 5hmC after stratification of the samples
according to the HER2 status of the cancer. A) and B) are from patients with HER2 positive
cancer. C) and D) are from patients with HER2 negative cancer. The graphs show the
abundance of 5hmC (as percentage of positive cells) in the nuclei or the cytoplasm. Paired T-
test was performed only on the samples where matched cancer and normal (non-affected)

epithelium was provided. Significance is indicated with an asterisk: * = p<0.05.
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Figure 3.5 The proportion of positive cells of 5hmC after stratification of the samples
according to cancer grade. A) and B) are from patients with cancer diagnosed as grade 2. C)
and D) are from patients with cancer diagnosed as grade 3. The graphs show the abundance
of 5hmC (as percentage of positive cells) in the nuclei or the cytoplasm. Paired T-test was
performed only on the samples where matched cancer and normal (non-affected) epithelium

was provided. Significance is indicated with an asterisk: * = p<0.05.

104



A) Normal breast tissue nuclei (n=29) B) Normal breast tissue cytoplasm (n=29)
£
5 1007 g 1007
[T] o
2 8o . 2 s0-
s s % 0
= 60 2 60 ]
2w D% g .
Q . o L] =% -
E > o.. Lg’ * b *
- [ ] L)
;g 20 . . £ 2 goe ",
[ [ ]
2 0 _ o 0 o 2 Iy
1 I 1 1 g 1 I A I 1
0 20 40 60 80 100 ° 0 20 40 60 80 100
Age Age
C)  Breast cancer tissue nuclei (n=29) D) Breast cancer tissue cytoplasm (n=29)
E
5 100+ @ 100- . o
° . s *
2 804 e *, £ 80- « * o
2 e & *
= 60 e £ 60+ . .
=] [} L] = P
o L] ] e ®e
O 40 * %, g 40- .
£ PRI 0
5 20+ ‘' ® E 201 *e
=] . o » e ©
2 .« S LIPS
0 I I I I 1 o 0 I I -q..-. I 1
0 20 40 60 80 100 ° 0 20 40 60 80 100
Age Age

Figure 3.6 The correlation between 5hmC immunohistochemistry staining and age in 29
patients. A) and B) are from normal breast epithelium. C) and D) are from breast cancer
epithelium. The graphs show the percentage of positive cells of 5hmC in the nuclei, or the
cytoplasm in patients with different age. Statistical analysis was performed Spearman r test

on cancer epithelium compared to normal.
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3.1.3 Higher proportion of positive cells of cytoplasmic 5hmC in colorectal cancer than

quiescent epithelium

To determine if cytoplasmic localisation of 5hmC is breast cancer-specific, IHC against 5hmC
was then performed on a cohort of 28 FFPE colitis-associated cancer tissues with matched
non-malignant epithelium (defined as quiescent; see patient samples details in the
subchapter 2.1, cohort 4, methods in the subchapter 2.2) which were available in the
laboratory. IHC staining indicated that 5hmC was distributed in both the nuclei and the
cytoplasm in either quiescent or cancer in the colorectal epithelium. Therefore, cytoplasmic
5hmC is not breast cancer specific and this suggests maybe a similar mechanism of action in

the demethylation process in colorectal cancer.

Similarly, when compared with breast tissues, the proportion of positive cells of 5hmC was
less in quiescent colon tissues compared to cancer tissues. In particular, the proportion of
positive cells of nuclear 5hmC was significantly different (p=0.039) between the quiescent
and cancerous state, confirming the previous study (119, 167). On the other hand, the
proportion of positive cells of cytoplasmic 5hmC in cancer was significantly (p=0.004) higher
than in the quiescent epithelial cytoplasm (Figure 3.7), further confirming the result found in

breast cancer.
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Figure 3.7 5hmC immunochemistry staining in colorectal samples. Panel A) Serial sections
from a 39-year-old female patient, with areas of quiescent epithelium (top), and invasive
cancer (bottom), (left and middle scale bar = 100 um, right scale bar = 25 um). Graph B) Scatter

plots showing the percentage of positive cells of 5hmC in the nuclei, or the cytoplasm as
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calculated with a digital software. The result shown represents the mean + SD of this group.
Statistical analysis was performed Unpaired T-test on each cohort compared to normal and it

is indicated with an asterisk: * = p<0.05.

3.1.4 Cytoplasmic 5mC is significantly reduced in BC epithelium

Since both 5hmC and 5mC were reported to be reduced in cancer, and 5hmC is oxidised from
5mC by TETs, according to the previous study, the basal-like tumours have low 5mC level
while Luminal B tumours display a high 5mC levels (102, 168). Thus, a further aim of this study

was to verify the abundance and distributions of 5mC in the same cohort of patient tissues.

The abundance of 5mC was detected by IHC on the selected tissues from cohort 1. Due to the
availability in the laboratory, all six samples are from ER negative patients which are matched
with normal and cancer epithelium. However, because of a machine error, the matched
samples from one patient cannot be quantified. The proportion of positive cells of nuclear
5mC was not significantly different in the cancer epithelium compared to the normal tissue,
which contrasts with the findings of the previous study (102). On the other hand, the
proportion of positive cells of cytoplasmic 5mC was significantly lower (p=0.004) in the cancer
epithelium than the normal tissue (Figure 3.8). However, the proportion of cells showing
positive 5mC staining in the cytoplasm remains at a very low level (less than 3%). Since 5mC
is mainly present in nuclei, this suggests that hydroxymethylation operates with a different

mechanism to regulate breast cancer progression.
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Figure 3.8 5mC immunohistochemistry staining. Panel A) Serial sections from a 55-year-old
female patient (the same patient from Figure 3.1), with areas of invasive breast cancer and
normal epithelium. (Scale bar = 100 um). The H&E panel is duplicated as the panel in Figure
3.1 A). Graph B) Box plots showing the percentage of positive cells of 5mC in the nuclei, or
the cytoplasm as calculated with a digital software. The result shown represents the mean *
SD of this group. Statistical analysis was performed Unpaired T-test on each cohort compared

to normal and it is indicated with an asterisk: ** = p<0.01.

Finally, 5fC and 5caC are the next two products of the demethylation process. To determine
whether 5fC and 5caC localised in the nucleus or the cytoplasm, IHC staining of 5fC and 5caC
was also performed on the sample cohort 1. However, staining for 5fC and 5caC was
unsuccessful, with no obvious expression detected in the breast tissue (data not shown). This
could be because the samples from cohort 1 were sectioned over two years before the
experiment, therefore, the quality of the tissue diminished over time. Another reason could
be that the expression of 5fC and 5caC is extremely low, so the modification of 5fC and 5caC
is undetectable with IHC. To determine the impact of 5fC and 5caC, the IHC staining on fresh

tissues or newly cut FFPE sections should be repeated.
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3.1.5 Global levels of 5ShmC are reduced in breast cancer cells compared with normal cells

Previous studies suggest that the levels of 5hmC are reduced in breast cancer epithelia
compared to normal tissues (119, 167, 169, 170). However, according to my previous IHC
experiment (see subchapter 3.1.1), | hypothesised that 5hmC is not actually lost in the cancer
cells, but it may be redirected to the cytoplasm. Based on the previous figure (Figure 3.1), the
average proportion of 5hmC positive stained cells across all samples was calculated. The
average of cytoplasmic 5hmC in normal epithelial cells is approximately 19%, while the
average of cytoplasmic 5hmC in the cancer cells is approximately 40%. Additionally, the
proportion of positive cells of nuclear 5ShmC did not significantly change between normal and

cancer tissues.

However, few studies compared the changes of 5ShmC levels in vitro, between cancer cell lines
to normal cell lines. It would be useful for further study if | can test the 5hmC changes in cell
lines are the same as the changes in tissues, so that the cell lines can be used for functional
studies. Moreover, based on the previous result (see subchapter 3.1.2), the proportion of
positive cells of cytoplasmic 5hmC in ER negative patients is significantly higher (p=0.048) in
cancer compared to normal epithelium. | hypothesised that the distribution of 5hmC in ER
negative cell lines may be more stable than in other subtypes. Therefore, to investigate
whether 5hmC levels change between normal and cancer breast cell lines, DNA was extracted
from one non-tumorigenic epithelial cell line (MCF10A, triple negative cell line) and one
breast cancer cell line (BT474, ER- cell line), and a colorimetric assay was performed, as
described in the methods (see the methods in the subchapter 2.6). Because cytoplasmic 5hmC
was significantly increased in tissues from ER- patients in terms of my previous experiment

(see result subchapter 3.1.2) but the other subtypes did not show this difference. For this
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reason, it would be interesting to first determine if the amount of 5hmC in DNA changes in
ER- cell lines. As the ER- cell line, BT474 was selected for the colorimetric assay. In three
independent biological experiments, the colorimetric assay was performed to measure the
global 5hmC compared to the total cytosine (5hmC/C) content of the DNA using Sunrise™
microplate reader, and the data were analysed by the unpaired T-test on individual cell lines.
According to the manufacturer’s user guide, the standard curve was calculated by logarithmic

second order regression (see subchapter 2.6.3):

y = 0.3834In(x) + 2.5764

Note that the read out of observation was defined as y and the concentration of 5hmC was

defined as x.

The concentration of 5hmC was calculated by using the following formulas:

y—2.5764
x = e 03832 X 100%

The average global 5hmC/C content of DNA in MCF10A was 0.011%, significantly (p=0.018)
higher than the global 5hmC/C content of DNA in BT474, which was 0.009% (Figure 3.9),
confirming the previous study (72). Although, based on IHC (see subchapter 3.1.1 and 3.1.2),
the levels of nuclear 5hmC did not show a significant decrease between normal breast and
breast cancer tissues, the average of nuclear 5hmC level in normal is higher than in cancer
samples. The levels of 5hmC tends to decrease in cancer, while the cytoplasmic 5hmC in
cancer is higher than in normal epithelia. This result may indicate a balance between the

hydroxymethylation in DNA and RNA.
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Figure 3.9 Differences in the amount of 5hmC in the DNA of breast cell lines. The amount of
5hmC, measured with a colorimetric assay, is significantly higher in MCF10A than in BT474.
Data represent the mean and SD of three independent biological repeats performed in
technical duplicates. Statistical analysis was performed with Unpaired T-test on individual cell

lines, and it is indicated with an asterisk: * = p<0.05.
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3.1.6 The localisation of demethylation marks is differentially expressed in breast cell lines

Through IHC experiments, 5hmC was observed in the nucleus and the cytoplasm of the breast
epithelium (see subchapter 3.1.1). However, a limitation of the technique is the difficulty in
visualising the subcellular localisation of the different modifications directly on the tissue, in
particular of 5fC and 5caC, which are not easily detectable. For these reasons, | determined
that immunocytochemistry (ICC) might be a more appropriate method to show the
localisation of methylation and demethylation marks at a higher resolution, even if it may not
allow the quantification of these marks. The reason for this relies on the variability of the
integrated intensity related to the brightness and focus of the cells, and based on my previous
observation, the variability of 5hmC abundance in the cell lines. Therefore, on this occasion,
the ICC experiment was determined to be a qualitative experiment, not a quantitative

experiment.

To determine the localisations of 5mC, 5hmC, 5fC and 5caC in the cell lines, | performed ICC
on the breast cancer cell line BT474 and non-tumorigenic breast cell line MCF10A using the
same antibodies mentioned above. Confirming the IHC results, 5hmC localised in both the
nucleus and the cytoplasm in both cell lines, but cytoplasmic 5hmC showed a higher
distribution in cancer cells compared to normal cells (Figure 3.10). The same distribution was
observed for 5fC and 5caC. However, previous studies reported 5fC and 5cac are present in
the nucleus in human embryonic stem cells, hepatic progenitors, and brain tumour cells (171,
172), suggesting the different localisation observed here is cell type specific. Although a
previous study did not report the presence of 5caC in the cytoplasm, it showed that 5caC
localised in the nucleus in normal breast tissue, and in both the nucleus and the cytoplasm in

breast cancer tissue (104). In both normal and cancer cell lines, 5mC localises in the nucleus,
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but 5mC localisation was restricted to the heterochromatin regions in the normal cells,

confirming the previous study in mESCs (173).
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Figure 3.10 5mC, 5hmC, 5fC and 5caC immunocytochemistry staining. In the “Antibody”
panel, representative images of 5mC, 5hmC, 5fC, 5caC staining, respectively. The “Merge”
panel shows the combination of blue (Hoechst-stained DNA), green (corresponding antibody)

and red (B—actin) signals in both MCF10A and BT474 cells. (Scale bar = 25 pum)
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3.1.7 5hmC distributes in DNA and RNAs in cell lines

According to the experiments described above, the distribution of 5hmC in the breast
epithelium indicates that 5hmC may regulate not only DNA in the nucleus, but also the RNA,
which is present in the cytoplasm. While my previous colorimetric experiment was able to
quantify the levels of 5hmCin the DNA in vitro, cell lines may not be an ideal model to quantify
the presence of 5hmC accurately due to the variability of 5hmC amount, as described above
and in the previously (174). However, | believe it could still be used to evaluate the presence

of 5hmC in the DNA and RNA with a non-quantitative method.

To take this further, to verify whether 5hmC is a modification characteristic of different
classes of RNAs, dot blots were performed on both DNA and different forms of RNA isolated
from BT474 and MCF10A. Confirming this hypothesis, 5hmC was detected not only in the DNA,
but also in the total RNA, in the long and short RNA (including mRNA) in both MCF10A and

BT474 (Figure 3.11). This is the first time that 5hmC is found in RNA in breast cells.

However, after quantifying the relative 5hmC intensity by comparing the positive control, |
did not observe a significant difference of the 5hmC amount between normal and cancer cell
lines. The trend of the amount of 5hmC in BT474 is higher than in MCF10A in the dot blot,
while the amount of 5hmC in DNA in BT474 was significantly lower than in MCF10A in the
colorimetric assay (see subchapter 3.1.5). The inter- and intra- experimental variation may be
due to the viability of 5hmC between the cell lines, which was previously found (174). Figure
3.11 B) shows the presence of 5hmC in 50 ng and 25 ng of DNA in MCF10A and BT474. The
intensity of the dots of 12.5 ng was not possible to quantify. As Figure 3.11 C) showed, the
signal of 1000 ng total RNA was also not quantifiable. Moreover, the distributions of long and

short RNAs in Figure 3.11 C) and D) are different, | observed that short RNAs have more

117



intense dots than long RNAs in one repeat shown in Figure 3.11 C), whereas in another repeat
shown in Figure 3.11 D), long RNAs have more intense dots than short RNAs. This result may
prove the variability of 5ShmC within the same cell line in biological replicates and possibly
indicate an unfound mechanism behind this situation. | did not do further experiments to

investigate the reason for this result due to time limitations.
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Figure 3.11 5hmC levels in the DNA and RNA of human breast cell lines. DNA or RNAs are
crosslinked to an Hybond-N+ membrane with different concentrations. Panel A) Dot blot
and quantification of 5hmC modification in 50 ng DNA, 25 ng DNA, 12.5 ng DNA of BT474 and
MCF10A. Each dot represents hydroxymethylated DNA with three concentrations (50 ng, 25
ng, 12.5 ng DNA in vertical), triplicates at each concentration. Graph B) The amount of 5hmC
in DNA, measured with dot blot, is not significantly different between two cell lines. Data
represent the mean and SD of three independent biological repeats performed in technical
triplicates. Statistical analysis was performed with an unpaired T-test on individual cell lines.
Panel C) Dot blot of 5hmC modification in 1000 ng RNA, 200 ng long or short RNAs of BT474
and MCF10A, with triplicate at each concentration. Panel D) Dot blot of 5ShmC modification
in 100 ng and 200 ng (in vertical) long or short RNAs of BT474 and MCF10A, with duplicate at
each concentration. 0.15ng 5hmC (positive control), 0.15 ng 5mC (negative control), 0.15 ng

unmethylated cytosine (UC, negative control) and 0.15 ng H,0 (negative control) are shown.
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3.2 Discussion

In this chapter, we show results of immunohistochemistry (results see subchapter 3.1.1 and
3.1.3) that was performed to quantify 5hmC in breast and colorectal tissues, and a
colorimetric assay (results see subchapter 3.1.5) was undertaken to determine the global
level of 5ShmC in breast cell lines. Then, immunocytochemistry (results see subchapter 3.1.6)
was performed to show the localisations of demethylation marks in cell lines. Finally, dot blot
(results see subchapter 3.1.7) was used to detect the hydroxymethylation in DNA and

different RNAs.

The global 5hmC/C content in the DNA, as measured by the colorimetric assay, reflects the
same range reported by the previous study by Thienpont and colleagues, which indicates the
colorimetric assay could be an equally sensitive method to replace the liquid
chromatography-mass spectrometry (LC-MS) (175). However, this result differs from previous
experiments performed in the laboratory in terms of variability (data not shown). Previous
data showed a substantial variability amongst the levels of 5ShmC in the biological repeats of
individual cancer cell lines (BT474, MCF7, SKBR3) with different hormonal receptor status,
and the amount of 5hmC in a normal cell line (MCF10A) did not show a significant (p=0.084)
difference compared to any cancer cell lines. The difference between the two results suggests
that 5hmC is variable amongst cell types, cell passage and cell cycle. Thus, cell lines may be
an unreliability model for the study of 5hmC, confirming previous studies by Nector and

colleagues (174).

Both 5hmC and 5mC are differently abundant and distributed in breast tissues, confirming a
previous study by Zhang and colleagues (169, 176). Previous studies reported global 5hmC is

reduced in breast cancer tissues compared to normal tissues, which is discordant with my
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results. However, the limitation of these studies is not considering the sublocalisations of

5hmC.

Furthermore, the data presented in this chapter show that 5hmC is not only involved in
modification of the DNA but could be involved in further regulatory pathways within the
cytoplasm. Previous work has demonstrated that 5hmC is present in the cytoplasmic mRNA
in Drosophila and in mouse embryonic stem cells (97, 177). Here | showed that 5hmC is
present in the DNA, total RNA, long RNA, and short RNA. Interestingly, the presence of 5hmC
in different classes of RNA is highly variable amongst three independent biological repeats.
This observation further confirms that cell lines might not be a completely suitable model for
the study of 5hmC (107, 174, 175). Also, it was not possible to detect the abundance of 5hmC
in mRNA, which could possibly be explained by the lack of reliability of cell lines or the fact
that 5ShmCin mRNA in breast cells is very rare. In terms of the colorimetric assay, the amount
of 5hmC in DNA is quantifiable using 100 ng DNA which amount is 4 times more than the dot
blot experiments. Thus, | estimated that it may need more than 4000 ng RNA to quantify the
amount of RNAs. Moreover, a suitable kit may still be in the development stage. To better
detect and quantify the abundance of 5hmC, LC-MS can be a reliable method in the future.
According to these data here, the changes of 5hmC may be correlated to ER status which
could be a piece of evidence to support previous studies (161). The changes of 5hmC are not
correlated to the age of surgery. Since the age of patients from cohort 1 and cohort 2 is mostly
between 40 to 80, future works could add more samples from patients younger than 40 to
confirm whether the age at the surgery is a factor. Moreover, lack of samples number in
different grades, the current result did not show an association between 5hmcC levels and
grades. There is only a trend that the proportion of positive 5hmC stained cells depend on ER

status in grade 3 tumours. Therefore, future experiments should add more samples from
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different grades to confirm whether 5hmC changes are related to the grade of BC, in a larger

sample set too including an independent validation set.

Comparing these data with the previous studies, my work has some advantages and
limitations too. For the methodology, while previous studies used the adjacent tissue sample
as the standard control, my experiment used the contralateral tissue as the standard control
(96, 161). Although, Aran and their colleagues showed that the adjacent tissues can be used

III

as the “normal” control, this could obscure some therapeutic targets in both adjacent and
cancer tissue (161). Since the molecular mechanism of hydroxymethylation in cancer
progression is still unknown, the contralateral tissue may be more appropriately categorised
as “normal” than the adjacent tissue. Furthermore, the research here examined a

sublocalisation of 5hmC and 5mC in breast epithelium, whereas previous studies only

reported the global levels of 5hmC in tissues.

However, a limitation is that this experiment analysed the proportion of positive cells for
global 5hmCin both nuclei and cytoplasm but did not analyse the overall abundance of 5hmC
in whole cells. Therefore, it is difficult to directly compare if the 5hmC amount in total
increases or decreases in cancer tissues compared to the normal contralateral tissue. Future
work should involve IHC staining on more samples to increase the sample size to confirm
these findings and should also involve the quantification of the 5hmC amount in total cells

and also its sublocalisation.

From the ICC experiment, 5hmC distributes in both the nuclei and cytoplasm in the breast
cancer cell line, BT474, but mostly in nuclei in the non-malignant breast cell line, MCF10A.
Cytoplasmic 5hmC in both breast cancer tissues and cell lines suggests a hydroxymethylation

in RNAs. This result should be further analysed, however, the small cytoplasm of BT474 cells
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may have affected the staining strength and the interpretation of staining (Figure 3.10). There
is less space for the target antigen in BT474, which may result in reduced staining intensity.
Additionally, the limited cytoplasmic space may result in a more diffuse and less pronounced
staining pattern. These challenges make it difficult to assess accurately the actual amount of
the target molecule in the cytoplasm. Therefore, | did not perform an analysis of ICC staining.
Another limitation of this experiment is that the expression of 5hmC or other demethylation

marks should be blocked as a negative control to compare the changes of expression.
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3.3 Conclusion

This chapter describes the distribution and localisations of 5hmC in both human breast and
colonic epithelium, and breast cell lines. Using immunohistochemical staining, | found out a
higher proportion of positive cells with cytoplasmic 5hmC staining in the cancer epithelium,
which was not observed before. This is also the first study to determine hydroxymethylation
in different classes of RNAs in breast cells using dot blot, which suggests a contribution of

5hmC in RNA processing and its clinical relevance.

Based on my results and the existing previous studies, as a modification in RNA,
hydroxymethylated RNA may regulate the transcription and promote gene expression and
differentiation. Lan and their colleagues suggested that TET-mediated hydroxymethylation
contributes the embryonic stem cell differentiation (164). Broome and their colleagues
reported that TET2 contributes to ER/GATA3 transcriptional activity and maintained 5hmC
levels in ER+ mouse models (166). Moreover, Kim and their colleagues suggested TET2-FOXP1
complex mediates luminal cell differentiation, and the reduction of 5hmC is associated with
ESR1 repression (178). Previous studies concluded that the phenomenon of TET mediated
hydroxymethylation in DNA or RNA may be related to ER status or Esr1 genes. More evidence
is needed to determine whether the changes in 5hmC levels are cause or consequence. Thus,
| would hypothesise TET proteins, specially TET2, may act as maintenance of 5hmC in ER+

breast cancer to regulate the transcription of GATA3, FOA1, and other transcriptional factors.

Investigating the abundance and distribution of other methylation and demethylation marks
is also valuable. In particular, | described how 5fC and 5caC are localised in both the nucleus
and the cytoplasm, but this needs further experiments to be validated. Without the use of

sequencing techniques or more accurate quantification methods, it is not possible to study
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the role of 5fC and 5caC on the genomic level. However, since 5fC and 5caC are 10 to 100
times less than 5hmC (179), | believe that 5hmC, together with the more commonly studied
5mC, is the main important regulator in cancer progression. Thus, | decided to focus on

examining the role of 5hmC rather than other demethylation marks in future chapters.
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4. Result 2:

TET proteins and 5-hydroxymethylation in breast cells

Here we present results related to aim 2, where we aimed to test whether the variation in
the levels of 5hmCin BC can be attributed to one specific TET or to all three TET proteins. The
aims of this chapter are to present results related to work that aimed: a) to determine the
expression of TET proteins in breast tissues and cell lines; b) to infer any correlation between
the proportion of positive cells of 5ShmC and the three TET proteins; c) to examine whether

TET mRNA expression is related to a difference in survival in BC patients.

In the previous chapters, | provided evidence of the distribution and localisation of 5hmC and
other demethylation marks. Considering the distribution of cytoplasmic 5hmC in the cancer
epithelium and the presence of hydroxymethylation in different classes of RNAs in breast cells,

the focus of this chapter is on 5hmC, rather than 5fC and 5caC.

To enhance comprehension of the role of 5hmC, the understanding of the contribution of the
TET enzymes to the demethylation process is essential. As mentioned above, during DNA
demethylation, TET proteins convert 5mC into 5hmC, 5fC and 5caC with the help of the
cofactors Fe (ll) and 2-oxoglutarate (2-OG). Therefore, the expression, regulation of activity

and the interplay of each TET may affect the final levels of 5hmC.

In recent vyears, TET proteins were reported to have functions or mediating
hydroxymethylation in different cancers, including BC. Zhang and colleagues reported a
negative correlation (p<0.05) between 5hmC and TET2 expression in BC patients and a

positive correlation (p<0.001) in patients carrying precancerous breast lesions (176). This
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suggests that TET2 has different effects in patients with different pathological stages. Broome
pointed out that depleting TET2 expression decreases the levels of 5hmC in ER+ BC,
suggesting a possible mechanism for TET2 regulating 5hmC modification (180). Wu and
colleagues showed that loss of nuclear TET2 and miR-200c expression is negatively correlated
(p<0.05) with all-trans retinoic acid (ATRA) resistance in high tumour grade and aggressive BC
(181). This result indicates microRNA may participate in the alteration of 5hmC and TET2
proteins. Besides, Good and colleagues discovered an isoform of TET1, TET1AT(131). TET1AYT
has been reported overexpressed in triple-negative BC, and knockdown of TET1 resulted in
the decrease of 5hmC (131). They suggested that TET1, TET2, and TET3 have different targets
on the genome, and these targets may have distinctive effects on cancer (131). To sum up,
several studies argued the possible functions of different TET proteins for 5hmC distribution

and cancer progression, | would like to validate these findings.
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4.1 Results

4.1.1 The breast cancer epithelium is characterised by a significantly higher level of

cytoplasmic TET2 compared to the healthy breast epithelium

As shown in subchapter 3.1.1 and 3.1.3, a significant increase (p=0.012, Figure 3.1 B) of
proportion of positive cells of 5ShmC was detected in the cancer epithelial cytoplasm

compared to the normal epithelial cytoplasm.

To investigate whether hydroxymethylation is associated with a specific TET protein, IHC was
performed to detect the expression of TET1, TET2, and TET3 on 16 FFPE samples from 9 post-
menopausal patients (cohort 1), a cohort comprised of 10 IDC sections and 6 matched
contralateral sections. Because of tissue availability, the assay was performed in this subset
of samples rather than the full cohort of 53 samples. MRes student Liliane Eleid contributed

to the staining of TET2 under my training and supervision, as part of her practical project.

In both nuclei and cytoplasm, some levels of expression could be detected for all three TET
proteins, but the expression pattern of TET1 and TET3 is different to the expression of TET2
on the same serial sections (Figure 4.1). The average proportion of positive cells of nuclear or
cytoplasmic TET1 or TET3 in the cancer cells was not significantly different than in the normal
counterpart. On the other hand, the average proportion of positive cells of cytoplasmic, but
not nuclear, TET2 in cancer was significantly higher than in the normal breast tissues (p<0.001,
Figure 4.1 B). As the changes of the proportion of positive cells of TET2 protein expression
follow the same pattern of the proportion of positive cells of 5hmC modification, an
association between the levels of 5hmC and the expression of TET2 protein can be

hypothesised.

Moreover, multiple comparisons tests were performed to validate if there was any difference
between the proportion of positive cells of each TET enzyme against each other. In the cancer
sections, the only significant difference was the higher proportion of positive cells of
cytoplasmic TET2 (p<0.0001, Figure 4.1 C) compared to the proportion of positive cells of
cytoplasmic TET1. This result suggests that TET2 may play a more prominent role in

cytoplasmic hydroxymethylation.
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In the previous chapter | provided evidence that the distribution of 5hmC may be
associated with the lack of expression of ER in BC tissue, a result of borderline statistical
significance (p=0.048, Figure 3.3 D). To validate if the expression of TET proteins is also
associated with the hormonal receptor status of the cancer, the samples were selected
from ER negative patients. The correlation between the expression of the receptor and the
proportion of positive cells for three TET proteins was tested using both unpaired and
paired T-test (Figure 4.1 D). Interestingly, only the proportion of positive cell of cytoplasmic
TET2 is significantly higher in cancer epithelium compared to normal epithelium in ER-
patients. This may suggest in turn that TET2, rather than TET1 or TET3, regulates 5hmC
levels in ER- patients. While we acknowledge the importance of examining TET expression
in both nucleus and cytoplasm in ER+ tumour samples, the scope of our current study was
primarily focused on ER- patients due to time constraints. As discussed in the previous
chapter, ER- patients have a significantly higher proportion of positive cells of cytoplasmic
5hmC in cancer compared to normal epithelium. This finding suggests an unknown
mechanism of hydroxymethylation of DNA or RNA in ER- patients. It is essential to note
that ER+ and ER- breast cancers represent distinct molecular subtypes with different
hormone receptor statuses. Future experiments should carry out IHC to test TET expression
in more patient samples in different ER+ states/ hormone receptor levels, as this could

provide valuable insights into its potential function in different hormonal contexts.
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Figure 4.1 5hmC, TET1, TET2, and TET3 immunohistochemistry staining. Panel A) Serial
sections from a 55-year-old female patient (the same patient from Figure 3.1), with areas of
invasive BC and normal epithelium. Low magnification view (scale bar = 100 um) and higher
magnification view (scale bar = 25 um). The H&E panel and 5hmC panel are the same as Figure
3.1 A). The red arrow indicates strong positive staining in nuclei and the yellow arrow indicates
weak positive staining in nuclei. The orange arrow indicates positive staining in cytoplasm.
Graph B) Box plots showing the proportion of positive cells of 5hmC (taken from the full
cohort of 53 samples analysed in Figure 3.1) and three TET protein in the nuclei or the
cytoplasm, as calculated with a digital software. The lines represent the mean and the SD.
Statistical analysis was performed with an unpaired T-test on each cohort and statistical
significance is indicated with an asterisk: * = p<0.05, ***p<0.001. From the total of the 9

patients, normal tissue was missing from 3 patients and 1 patient provided more than one
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cancer section, thus not allowing a full paired comparison. Graph C) Statistical analysis was
performed ordinary one-way ANOVA between each cohort and it is indicated with an asterisk:
***p<0.001, ****p<0.0001. N represents normal, and C represents cancer. Graph D) The
graphs show the TET2 expression (as percentage of positive cells) in the nuclei or the
cytoplasm in ER- patient samples. Paired T-test was performed only on the samples where
cancer and matched normal (non-affected) epithelium was provided. Significance is indicated

with an asterisk: ** = p<0.01.

133



4.1.2 The association between TET proteins and 5hmC distributions in breast epithelium

To demonstrate the association between hydroxymethylation and TET protein expression, |
further analysed the correlation between the proportion of positive cells of 5hmC and the
proportion of positive cells of TET proteins based on the IHC results. Data (12 samples
including 6 normal and 6 cancer tissues) are aggregated from the results of IHC on 5hmC,
TET1, TET2 and TET3 (see results in subchapter 3.1.1 and 4.1.1). Since the data passed the
normality test, | performed a Pearson's Correlation Coefficient test on these data. | created a
heat map of the correlation between the proportion of 5hmC positive cells and TET protein
positive cells, both in the nucleus and the cytoplasm, across cancer and normal tissues (Figure

4.2).

In the normal breast epithelium, the proportion of positive cells of nuclear 5hmC are not
significantly negatively correlated with the proportion of positive cells of three TETs. In
comparison, the proportion of positive cells of cytoplasmic 5hmC are positively correlated
with the proportion of positive cells of three TETs. In the cancer epithelium, the proportion
of positive cells of nuclear 5hmC are significantly negatively correlated with the proportion of
positive cells of TET2 (p=0.021) and not significantly correlated with the proportion of positive
cells of TET1 (p=0.280). However, the proportion of positive cells of nuclear 5hmC are
significantly positively correlated with the proportion of positive cells of TET3 (p=0.004)
proteins. Moreover, the proportion of positive cells of cytoplasmic 5hmC is negatively
correlated to the proportion of positive cells of TET2 (p=0.006) and not significantly negatively
correlated to the proportion of positive cells of TET1 (p=0.584) while the proportion of
positive cells of cytoplasmic 5hmC is not significantly positively correlated to the proportion

of positive cells of TET3 (p=0.622) in cancer epithelial sections.
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Moreover, only in the normal breast epithelium, the proportion of positive cells of nuclear
TET1 and TET3 showed a significantly positive correlation (p=0.001). It suggested that nuclear
TET1 and TET3 interact with each other and may have the same synthetic process. On other
occasions, TET1, TET2, and TET3 did not show a significant correlation, which may indicate
that these three proteins act differently in normal and cancer hydroxymethylation.
Furthermore, the data was analysed the differences between two states (paired normal and
cancer) (Figure 4.3).

Delta 5hmC in the nuclei was calculated as:

% 5hmC positive nuclei in cancer — %5hmC positive nuclei in normal.
Y

Delta 5hmC in the cytoplasm was calculated by:

% of 5hmC positive cytoplasm in cancer — % of 5ShmC positive cytoplasm in normal.

Delta TET1/2/3 in the nuclei was calculated by:

% of TET1/2/3 positive nuclei in cancer — % of TET1/2/3 positive nuclei in normal.

Delta TET1/2/3 in the cytoplasm was calculated by:

% of TET1/2/3 positive cytoplasm in cancer — % of TET1/2/3 positive cytoplasm in normal.
Only delta TET2 in the nuclei showed a significantly negatively correlation (p=0.039), while
delta TET2 in the cytoplasm showed a non-significantly positively correlation (p=0.088). The
correlation between delta 5hmC and delta TET2 in the cytoplasm confirmed that the changes
of the proportion of 5hmC positive cells and TET2 positive cells were positively correlated in
ER- patients. Confirming this hypothesis, 3 proteins contribute differently to the 5hmC
alterations in breast cells. | need more data to validate how these three proteins work with

hydroxymethylation in breast cells.
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Normal breast

Breast cancer

Nuclei Cytoplasm
Figure 4.2 The association between the proportion of positive cells of 5hmC, TET1, TET2,
and TET3 in six breast epithelial tissues. Heatmap shows the correlation between the
proportion of positive cells of 5hmC and the proportion of positive cells of TET1, 2 and 3 in
the normal breast epithelial nuclei and cytoplasm, breast cancer nuclei and cytoplasm. The
intensity of the staining was calculated with digital software. The result shown represents the

mean + SD of each sample. Correlation matrix was performed by Pearson correlation

coefficients. r represents the correlation coefficient, and p represents p value.
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Figure 4.3 The association between delta 5hmC, delta TET1, delta TET2, and delta TET3 in
six breast epithelial tissues. Heatmap shows the correlation between the proportion of
positive cells of 5hmC and the proportion of positive cells of TET1, 2 and 3 in the normal breast
epithelial nuclei and cytoplasm, breast cancer nuclei and cytoplasm. The intensity of the
staining was calculated with digital software. The result shown represents the mean + SD of
each sample. Correlation matrix was performed by Pearson correlation coefficients. r
represents correlation coefficients and p represents p value. delta 5hmC represents the
changes in the proportion of positive cells showing 5hmC staining between normal and cancer
tissues; delta TET1/2/3 represents the changes in the proportion of positive cells of TET1,2,3

between normal and cancer, individually.
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4.1.3 TET proteins are expressed in both the nuclei and cytoplasm of breast cell lines.

In tissues (see subchapter 4.1.1), TET proteins were detected in the nucleus and cytoplasm of
the breast epithelium. However, technical limitations of IHC do not allow visualisation of the
subcellular localisation of each protein on the samples. As the cytoplasmic TET2 in ER negative
BC patients was significantly higher (p <0.010) in cancer compared to the normal epithelium,
| hypothesised that the distribution of TET2 in ER negative breast cancer cell lines may also
be elevated compared to non-cancer breast cells. Therefore, | performed ICC on a BC cell line,
BT474 (ER- cell line), and a non-malignant breast cell line, MCF10A (triple negative cell line),

to allow the visualisation of TET proteins at a higher resolution.

Like the results in human tissues (see subchapter 4.1.1), all three TET proteins are expressed
in the nucleus and cytoplasm in both normal and cancer cells (Figure 4.4). TET1 is mainly
expressed in the nucleus in normal breast cells, while TET1 expression increases in the
cytoplasm in cancer cell lines in three biological repeats. The expression of TET2 showed a
higher distribution in cancer cells in both the nucleus and cytoplasm compared to normal cells.
The expression of TET3 showed a higher distribution in normal cells in both the nucleus and
cytoplasm compared to cancer cells. To compare these further, the expression of cytoplasmic
TET1is lower compared to the cytoplasmic expression of both TET2 and TET3 in normal breast
cells. On the other hand, the expression of both cytoplasmic TET1 and TET2 is higher in cancer
cells compared to the expression of cytoplasmic TET3. However, the expression of nuclear
TET1 shows a higher distribution in normal cells amongst all TETs. This result shows that the
distributions of three TET proteins are different in normal and cancer cells, which suggests

they may be differently associated with 5hmC.
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Interestingly, compared to the IHC result, TET2 expression showed the same changes in the
distribution. In tissue, the proportion of positive cells of cytoplasmic TET2 is significantly
higher in cancer tissue compared to normal tissue, and in cell lines, the expression of
cytoplasmic TET2 is higher in cancer cells compared to normal cells. This suggests that TET2
may play a more critical role in regulating hydroxymethylation in the BC cytoplasm. Moreover,
the modification of 5hmC is mainly distributed in nuclei in normal cells while in both nuclei
and cytoplasm in cancer cells, which is comparable to the expression of TET1 and TET2.

Therefore, | hypothesise that TET1 and TET2 may be more important in 5hmC synthesis.
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Figure 4.4 (Previous page) TET1, TET2, TET3 immunocytochemistry staining. The “Antibody”
panel is representative images of TET1, TET2, TET3 expression measured with ICC,
respectively. The “Merge” panel shows a combination of blue (Hoechst-stained DNA), green

(Antibody) and red (beta-actin) signals in both MCF10A and BT474 cells. (Scale bar = 25 um)
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4.1.4 The higher expression of TET2 mRNA is positively correlated with the probability of

higher BC survival rate

My previous results indicated that three TET proteins might be differently associated with
5hmC formation, and 5hmC is associated with BC progression. In order to examine whether
the expression of the three TET mRNAs is associated with BC patient survival, Kaplan-Meier
Plotter, an online survival analysis tool, was employed to extract the data filtered by gene
symbol, survival, probe set, and subtypes. Gene expression data (gene chip) and patient
overall survival information were automatically collected from GEO, EGA and TCGA. Patients
were divided into two groups, high TET mRNA expression and low TET mRNA expression, by
the best performing threshold between upper and lower quartiles as the auto-select best

cutoff. The results were automatically analysed by the tool using the Log-rank test.

In BC, only the expression of TET2 mRNA, but not of TET1 nor TET3 mRNA, is positively
correlated with the probability of the patient survival rate (p<0.0001, Figure. 4.5). To
determine if this correlation is BC specific, it would be useful to perform the analysis in
colorectal cancer because | observed a similar result in colorectal cancer (see subchapter
3.1.4). However, at the time of writing, the database used only includes breast, ovarian, lung
and gastric cancer, without colorectal cancer. Thus, | chose another cancer to study whether
TET mRNA expression is associated with the probability of patient survival rate. As ER and PR
levels are positively associated with better clinical outcomes in ovarian cancer (182, 183), it
could be interesting to study if there is a similar mechanism of action in the demethylation
process in ovarian cancer. Therefore, the data were analysed for ovarian cancers and filtered
with the same parameters. Interestingly, in ovarian cancer patients, TET1 and TET3, but not

TET2 mRNA, are negatively correlated with the probability of patient survival rate (p<0.0001,
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both, Figure 4.6). This indicates that the expression of TET2 mRNA is specifically correlated

with the BC survival rate.

To further investigate the association between the expression of TET2 mRNA and the
probability of BC survival amongst different subtypes, the data were filtered by different BC
subtypes using the same settings. The expression of TET2 mRNA was positively correlated
with the probability of patient survival rate of the ER+ cohort (n=221, p=0.021, Figure 4.7 A),
the ER- cohort (n=284, p<0.001, Figure 4.7 B), the HER2- cohort (n=720, p<0.0001, Figure 4.7
C), the basal-like cohort (n=278, p<0.01,Figure 4.7 D) and the luminal A cohort (n=377,
p=0.016, Figure 4.7 E). This result indicates that TET2 mRNA expression can potentially be a
biomarker for predicting patient survival rates in these BC subtypes, confirming the previous

study (147).
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Figure 4.5 (Previous page) TET2 is positively correlated with the probability of higher BC
survival rate. The correlation between low or high expression of TET mRNA and the
probability of BC patient survival rate (n=943) was analysed with Kaplan-Meier survival plots.
Graphs in (A) and (C) show a lack of correlation between TET1 and TET3 mRNA levels and the
probability of survival rates, respectively. (B) TET2 mRNA is significantly correlated with the
probability of a higher survival rate in BC patients. Graphs in (D), (E), (F) show the significance
vs cutoff values between lower and upper quartiles of expression of TET1, TET2, and TET3,
respectively. Statistically significant was calculated using the Log-rank test, and it is indicated

with an asterisk: ****p<0.0001.
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Figure 4.6 (Previous page) TET1 and TET3 are negatively correlated with the probability of
higher ovarian cancer survival rate. The correlation between low or high expression of TET
mMRNA and the probability of ovarian cancer patient survival rate (n=655) was analysed with
a Kaplan-Meier survival plot. Graphs in (A) and (C) show that TET1I and TET3 mRNA is
significantly negatively correlated with the probability of a higher survival rate in ovarian
cancer patients. Graph (B) shows a lack of correlations between TET2 mRNA levels and the
probability of ovarian cancer patient survival rate. Graphs in (D), (E), (F) show the significance
vs cutoff values between lower and upper quartiles of expression of TET1, TET2, and TET3,
respectively. Statistically significant was calculated using the Log-rank test, and it is indicated

with an asterisk: ****p<0.0001.
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Figure 4.7 (Previous page) TET2 mRNA expression is positively correlated with the
probability of higher BC patient survival rate in subtypes. The correlation between low or
high expression of TET mRNA and the probability of BC patient survival rate was analysed with
a Kaplan-Meier survival plot. Graph A) TET2 mRNA is significantly correlated with the
probability of a higher survival rate in ER+ BC patients. Graph B) TET2 mRNA is significantly
correlated with the probability of a higher survival rate in ER- BC patients. Graph C) TET2
mMRNA is significantly correlated with the probability of a higher survival rate in HER2- BC
patients. Graph D) TET2 mRNA is significantly correlated with the probability of a higher
survival rate in basal-like BC patients. Graph E) TET2 mRNA is significantly correlated with the
probability of a higher survival rate in luminal A patients. Statistically significant was
calculated using the Log-rank test, and it is indicated with an asterisk: *p<0.05, **p<0.01,

*#%<0,001, ****p<0.0001.

149



4.1.5 Distribution of TET2 mRNA and protein product in breast tissue

To further study the possible function of TET2 proteins, the expression levels of TET2 mRNA
in normal and BC cells should be investigated. Assuming the antibodies are specific for the
protein of interest, the expression of TET2 mRNA should correspond to the levels of TET2
proteins measured by IHC. According to the result of subchapter 4.1.1, the proportion of
positive cells of cytoplasmic TET2 protein was significantly higher in cancer compared to
normal breast epithelium, while the proportion of positive cells of nuclear TET protein did not
show a significant difference. Therefore, one can hypothesise that only the copies of TET2
mMRNA in the cytoplasm, but not in the nucleus, would be higher in cancer epithelial cells than

in normal epithelial cells.

To validate if TET2 mRNA is expressed differently between normal and cancer tissue, in situ
hybridisation (ISH) using RNAscope was performed on the samples (cohort 4) with the aid of
the MRes student Liliane Eleid. Using this assay, each TET2 mRNA is identified as a dot which
reflects the amount and the localisations of TET2 mRNA, since the target mRNA sequence is
detected by a probe, amplified and visualised by DAB (Figure 4.8 B). Copies of TET2 mRNA
were found in both the nucleus and cytoplasm in normal and cancer epithelium, as expected
(Figure 4.8 E). However, no significant difference in TET2 mRNA expression was found
amongst 12 pre-menopausal patients, consisting of 11 benign lesions and 9 IDC. | then
selected breast cancer (n=5) and benign age-matched tissue controls (n=5) to investigate the
subcellular localisations of TET2 mRNA. After analysing the mean percentage of TET2 positive
cells, the expression of the cytoplasmic TET2 mRNA is non-significantly higher in cancer

compared to benign. However, the expression of the nuclear TET2 mRNA is significantly
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(p=0.001) lower in cancer compared to benign (three out of ten patients are ER+). This result

is different from my hypothesis, which is probably because the samples are not all ER-.
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Figure 4.8 The quantification of the expression of TET2 mRNA. (A-D) Due to the availability
of the samples, the sections were not serial to the ones from the IHC staining (cohort 1 and
2). Serial sections are from a 31-year-old female patient, and the negative control section is
from a 62-year-old female patient. In panels, H&E, TET2 mRNA expression, PPIB mRNA
expression (positive control) and dapB (negative control) are shown (scale bar = 100 um,
insert = 25 um). E) Box plots presenting an average of TET2 mRNA expression in benign tissue
and in cancer. The expression of TET2 mRNA in cancer is not significantly different from the

expression in benign tissue. The lines represent the mean, and the SD. Statistical analysis was
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performed with an unpaired T-test on each cohort compared to benign. F) Box plots
presenting the mean percentage of nuclear TET2 positive cells is lower in cancer compared to
benign. The lines represent the mean, and the SD. Statistical analysis was performed using

Two-Way Anova, and it is indicated with an asterisk, **p<0.005.
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4.2 Discussion

In this chapter, we present results where IHC (result see subchapter 4.1.1) was performed to
quantify three TET protein expression in the breast, and ICC (result see subchapter 4.1.3) to
determine the subcellular localisation of three TET proteins. Then, ISH (result see subchapter

4.1.5) was performed to identify the localisation of TET2 mRNA.

Both IHC and ICC results showed that the mRNA and the products of TET1, TET2 and TET3 are
present in both the nucleus and cytoplasm. Using IHC staining, only cytoplasmic TET2, rather
than TET1 or TET3, displays a significantly higher distribution in cancer epithelium than

normal, with a similar pattern of distribution of 5hmC.

The proportion of positive cells of TET1 protein and 5hmC are positively correlated in the
cytoplasm in normal breast epithelium but negatively correlated in the nucleus in normal
breast and in BC epithelium (in both the nucleus and the cytoplasm). However, no significant
correlation between 5hmC and TET1, and this may be due to the relatively small sample size.
A previous study pointed out that 5hmC levels are significantly positively correlated with the
expression of TET1 in BC, which is different from my result (184). While the study by Wu and
colleagues did not examine the correlation between the 5hmC level and the expression of
TET1 in subcellular localisation, this could be interesting if they perform further analysis.

Future work could validate the correlation between TET1 and BC using more samples.

The proportion of positive cells of TET2 is negatively correlated to the proportion of positive
cells of 5hmC in BC epithelium. Only the proportion of positive cells of cytoplasmic TET2
positively correlates to the proportion of positive cells of 5hmC in normal breast epithelium.
On the contrary, a previous study shows a negative association between 5hmC and TET2
expression in precancerous breast lesions and a positive association between 5ShmC and TET2
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in BC patients (including 83 patients with breast ductal intraepithelial neoplasia, 20 patients
with DCIS, and 10 patients with IDC) (176). Compared to their results, | performed the IHC
staining on IDC patient samples so that it could be a negative correlation between 5hmC and
TET2 in IDC patients. Moreover, Zhang et al.’s study did not distinguish the staining in the
nucleus or the cytoplasm, so this could be another reason that the two results are different
(176). The proportion of positive cells of TET3 and the proportion of positive cells of 5ShmC
are positively correlated in both normal breast and BC epithelium, which confirms Wu et al.’s

study and Ramasamy et al.’s studies (184, 185).

Furthermore, the association between the expression of TET mRNA and the probability of BC
survival rate was analysed. Based on the result from KM Plotter (result see subchapter 4.1.3),
the expression of TET2 mRNA is positively correlated with the probability of the patient
survival rate in BC, not in ovarian cancer, confirming the previous study by Wan and
colleagues (147). However, with the lack of patient data on colorectal cancer, | could not
investigate the association between TET mRNA expression and the probability of CRC patient
survival rate. Therefore, future work could validate if there is any correlation between TET
MRNA expression and CRC patient survival rate. Moreover, Wan et al.’s study partly

confirmed my results, in that high TET2 expression was correlated with a better prognosis in

ER-, HER2- BC patients (147). The authors pointed out that the expression of TET2 is also
associated with the prognosis in patients with different grades. In my study, | did not find any
significant correlation between grades and TET2 mRNA expression, and this could be due to
the small sample size from the KM Plotter website or different cohorts being used. According

to these findings, | hypothesised that TET2 mRNA expression has the potential to serve as a
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biomarker for predicting patient survival rate in these BC subtypes. Thus, it would be

interesting to validate if TET2 mRNA expression differs in tissue samples.

The ISH result (see subchapter 4.1.5) shows no significant difference in TET2 mRNA expression
between BC and benign samples. However, nuclear TET2 mRNA was significantly lower in
cancer than the normal epithelium, and cytoplasmic TET2 mRNA did not show a significant
difference between each group. The result could suggest that, in the benign samples, TET2
transcripts may not only contribute to the demethylation process in the nuclei. TET2
transcripts may act as a transcriptional activator or play an essential role in tumorigenesis.
The difference in the localisation of the mRNA could also be due to the several alternative
splice variants of TET2, which may be present at higher levels in the nuclei of normal cells but
not be translated into functional proteins. Moreover, TET2 can be regulated by miRNAs and
IncRNAs in post-transcription regulation, and it can be degraded in post-translation regulation
via four different pathways in normal cells (186). However, these processes may be blocked
in BC cells. Hence, one possibility is that though lots of TET2 mRNAs are made in normal breast
cells, not many functional proteins are translated. In comparison, most of the TET2 mRNA is
translated into functional proteins in BC cells.

The disadvantage of this experiment is that the tissue samples of this experiment are from
pre-menopausal patients, while the samples of the IHC experiment are from post-
menopausal patients. This difference could lead to unexpected results. Moreover, the
contralateral tissues should be used as the control rather than benign tissues. In the future,
RNAscope on cohort 1 and cohort 2 could be performed to increase the numbers in the study
and the addition of contralateral tissues as controls. Furthermore, in terms of the previous
results (see subchapters 3.1.2 and 4.1.3), it would be interesting to investigate if the

expression of TET2 mRNA is correlated to the BC subtype. Therefore, future work could
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determine the TET2 mRNA expression in the division of the patients into different groups

based on hormonal receptor status.
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4.3 Conclusion

This chapter describes the expression of TET proteins in normal and cancer breast cells, the
association between the proportion of positive cells of TET proteins and 5hmC in breast cells,
the correlation between TET mRNA and the probability of BC patient survival rate, and the

expression of TET mRNA in BC tissues.

Based on my results and the existing previous studies, the correlation between the levels of
5hmC and the expression of TET proteins is still controversial. The association between
hydroxymethylation and TET protein may indicate an unknown regulatory pathway in BC. It
is clear that all three TETs play crucial roles in the demethylation process. Previous studies
worked on one of the TET proteins and investigated the function separately. However, this

may hinder the study of the mutual regulation of the 3 proteins.

Furthermore, | aimed to confirm the importance of TET genes, specifically TET2, from a clinical
point of view. Interestingly, TET2 expression, but not TET1 nor TET3, shows a significant
positive correlation with patient survival rate in BC. Since the association between ovarian
cancer patients and TET mRNAs differs, TET2 could be a specific biomarker for predicting BC
patient survival rate. This study provides evidence for the clinical value of TET2 in BC.
Moreover, Wan et al. suggested that TET2 expression significantly correlated with clinical

prognosis in female cancers, including cervical and uterine cancer (147).

Through the above experiments, the role of TET proteins has become more relevant in breast
cancer research. Moreover, TET proteins participate in cancer progression by regulating other
genes. To confirm the specific regulatory role of TET proteins for 5hmC modification in the
breast cells, | knockdown TET protein expression by siRNA pool and examine the levels of

5hmC and functional assays on breast cells, which | will describe in the next chapter.
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5. Result 3:

The function of TETs in breast cell lines

This chapter attempts to present research | performed to answer the research question of
whether altering TET expression changes the levels of 5ShmC in breast cell lines, and whether
any resulting functional changes can be observed. The results from the previous chapters in
this thesis provide evidence that the 3 TET proteins may play different roles in regulating the

levels of 5hmC in BC.

Therefore, the aims of the described experiments here were: a) to downregulate the
expression of TET mRNA in breast cell lines; b) to investigate if the level of 5hmC changes after
downregulating the TET expression; and c) to determine any change in cell behaviour. To
achieve these, a siRNA reverse transfection was first performed to knockdown the expression
of the three TET mRNAs. Then, after the validation of the knockdown by qPCR, the levels of
5hmC were determined using a colorimetric assay. Finally, the expression of the marker genes
of cell proliferation, apoptosis, cell differentiation and DNA methylases were determined by

gPCR, and a cell proliferation assay was performed.

To address the research questions above, a selection of cell line models was made. MCF7 is a
well-established cell line derived from ER+ BC, which closely mirrors luminal A-type BC (187).
SKBR3 represents the HER2-positive subtype of breast cancer, characterized by
overexpression of the HER2+ gene (188). Based on prior experiments conducted in the
laboratory (see subchapter 3.2), both MCF7 and SKBR3 showed a substantial variability of
5hmC within the cell lines. MDA-MB-231, simulating aggressive behaviour, represents the

triple-negative subtype (189). Unfortunately, it was excluded from investigation due to its
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unavailability in the laboratory. BT474 cell line is primarily characterized as a HER2-positive
breast cancer cell line (154). Only BT474 demonstrated relatively stable 5hmC content
compared to the others, among the cell lines (see subchapter 3.1.5). Additionally, MCF10A
cell line is a model for normal breast epithelial cells, originating from benign proliferative
breast tissue (190). This cell line is employed to emulate the normal cellular environment.
HEK293T cells, derived from human embryonic kidney cells, are commonly employed as a
model system for siRNA transfection (191, 192). HEK293T cells exhibit a high transfection
efficiency, allowing for effective delivery of siRNA molecules into the cells (191). Before
conducting experiments in breast cancer cell lines, HEK293T cells was employed to validate

siRNA knockdown efficacy and observe initial effects on relevant pathways.

Previous studies suggested that TET proteins play different roles in cancer progression. TET1
acts as both oncogene and tumour suppressor functions in cancers. On the one hand, as a
tumour suppressor, TET1 represses cell migration, induces cell apoptosis, and prevents
invasion and metastasis in cancer cells (123-125, 128, 193). On the other hand, as an
oncogene, TET1 reduces cellular proliferation in triple-negative breast cancer (131). Most
studies regard TET2 as a tumour suppressor and describe how it regulates cell differentiation
in luminal breast cancer (164). In comparison, the possible role of TET3 is still unknown, but
a higher expression level in breast cancers, compared to normal tissues, has been observed
(144). According to these findings, 3 TET proteins could affect the different hallmarks of
cancer, so it would be helpful to demonstrate the possible function of TET proteins in cancer

and normal breast cells.

To investigate the effects of three TET proteins, two marker genes for each function from the

literature, including proliferation, apoptosis, and cell differentiation, were chosen. Since Ki67
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is a biomarker of proliferation in solid cancers, overexpression of Ki67 is related to poor
prognosis in breast cancer (36). Moreover, MCM2 is a family member of the
minichromosomal maintenance protein complex and is reported as an alternative biomarker
for measuring proliferation in breast cancer (35). For the marker genes of apoptosis, both
BCL-2 (B-cell lymphoma) and BCL-w are anti-apoptotic proteins (40). Furthermore, ESR1 and
GATAS3 are key transcription factors often silenced by DNA methylation in basal-like breast
cancer, including TNBC. These two genes were reported to mediate luminal cell
differentiation, related to TET2 and 5hmC (178). Apart from these marker genes, the mRNA

expression of DNA methylases DNMT1 and DNMT3a was tested.
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5.1 Results

5.1.1 Optimisation of siRNAs

HEK293T cells are commonly used cell lines in transfection experiments or to produce
lentiviral and retroviral vectors, including an SV40 large T antigen (192). Transfection
conditions were therefore optimised in this cell line. The final concentrations of 10 nM and
20 nM of siRNA were chosen based on previous experience in the laboratory and the

manufacturer’s recommendations.

The transfection efficiency was evaluated by measuring the reduction in the expression of
TET mRNAs. Due to time constraints, only one repeat using Lipofectamine 2000 to transfect
the siRNA with the concentration of 10 nM was performed (details see Table 2.8). The Ct
values for all mRNA did not indicate any observable variation between the untreated cells
(Unt), cells only transfected by Lipofectamine 2000 reagent (Lipo) and cells transfected by
scramble siRNA (Scr). Because of human error, the sample transfected by Scr and incubated
for 24 hours was lost. The mRNA expression of siRNA transfected cells was then normalised

to the expression of Lipo.

After a 24-hour transfection (Figure 5.1 A-C), the expression of TET1 mRNA was decreased to
51.5% compared to the negative control (Lipo) transfected with siTET1, and the expression of
TET2 mRNA was reduced to 56.8% compared to the negative control transfected with siTET2,
and the expression of TET3 mRNA was reduced to 24.5% comparing to the negative control
transfected with siTET3. However, | observed a decrease in TET2 and TET3 mRNA expression
after transfecting the cells with siTET1, which declined to 70.3% and 55.8% at a 24-hour time
point, respectively. As this result represents only one biological repeat, it could only show a

tendency for a decrease in each TET mRNA expression pattern and is not conclusive. However,
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the decrease in the expression of the other two mRNAs not targeted by each siRNA might

indicate a balance between three TETs is present in HEK293 cells.
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Figure 5.1 (Previous page) TETs mRNA relative expression decreased upon siRNA treatment
in HEK293T cells (n=1). Graph A-C) TETs mRNA relative expression in HEK293T treated by
SiTET1, siTET2 or siTET3. HEK293T cells were seeded in a 10 cm dish mixed with siRNA (10 nM)
and transfection reagent. On the following day, the cells were resuspended and seeded in 6-
well plates for 48 hours, 72 hours and 96 hours and harvested for RT-qPCR for 24-hour time
point of reverse transfection. Cells were resuspended and harvested for RT-qPCR after 48
hours, 72 hours and 96 hours of reverse transfection. Graph D-F) Mean of Ct values of control
cells represent the Ct value of untreated cells (Unt), cells only treated with Lipofectamine
2000 (Lipo) and cells treated with scramble siRNA (Scr) for TET1, TET2 and TET3 mRNA. Graph
G-H) Mean of Ct value for housekeeping genes. The mean and SD of three technical replicates

is represented in the bar chart.

To improve the efficiency of the knockdown of each TET mRNA, the siRNA concentration was
increased to 20 nM, and Lipofectamine RNAIMAX was used. As cationic liposomal transfection
reagents, both Lipofectamine 2000 and Lipofectamine RNAIMAX are formulated for superior
transfection efficiencies and are suitable for siRNA transfection. However, the commercial
website regards Lipofectamine RNAIMAX as the most suitable reagent for hard-to-transfect

cell lines, such as MCF10A and BT474 cells, which were the final desired cell lines.

Only one repeat was performed to test if the three TET mRNA expression was reduced in
HEK293T cells. Based on the manufactural protocol, gene knockdown can be assayed after
incubating the cells in the reagent for 24 hours. Moreover, the previous experiment (Figure
5.1) using Lipofectamine 2000 showed that the knockdown might lose effectiveness after 72
hours. For these reasons, | incubated the complexes for 24 hours and 48 hours to verify the
reduction in the expression of TET mRNA. The Ct values were not discernibly different

between Unt, cells only transfected by Lipofectamine RNAIMAX reagent (Lipo) and Scr. The
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MRNA expression of siRNA transfected cells was therefore normalised to the expression of

Lipo (Figure 5.2).

After a 24-hour transfection with siTET1, the expression of TETI mRNA was reduced to 57.9%
compared to the negative control, but the expression of TET3 mRNA increased to 148% after
a 48-hour transfection (Figure 5.2 A). After 24-hour transfection with siTET2, the expression
of TET2 mRNA was decreased to 70.4% transfected siTET2, and further reduced to 54.5%
after 48 hours (Figure 5.2 B). However, the expression of TETI mRNA was increased to 146%
after 24-hour incubation, and the expression of TET3 mRNA was increased to 143% after 48-
hour incubation. After a 24-hour transfection with siTET3, the expression of TET3 mRNA was
reduced to 88.8%, while the expression levels of TETI mRNA and TET2 mRNA increased
(Figure 5.2 C). Since | did not observe any increase in the previous experiment at the 24-hour
time point and 48-hour time point (Figure 5.1 A-C), the increase mentioned here (Figure 5.2

A-C) could be the variable of the experiments.

The two preliminary experiments indicate a higher transfection efficiency with the use of
Lipofectamine 2000. However, Lipofectamine RNAIMAX at a concentration of 20nM siRNA
was used to transfect the more challenging breast cell lines, as recommended by the

manufacturer.

166



Z

Fold of change of mRNA expression

o
~—r

Fold of change of mRNA expression

0O
N

Fold of change of mRNA expression

o

(relative to Lipo)

(relative to Lipo)

(relative to Lipo)

Mean of Ct values

=

SiTETA treatment in HEK293T (20nM) D)

2.5 B TET1 expression
3 TET2 expression
2.0 1 TET3 expression
8
=
1.5 [
T 3
-
o
1.0 T J_ c
- [
o
=
0.5+
0.0- T T T T
24 48 24 48 24 48
Treatment time (hours)
siTET2 treatment in HEK293T (20nM) E)
2.5+ Bl TET1 expression
3 TET2 expression
2.0 [ TETS3 expression
8
2
1.5+ s
-l_ b rd
T :
1.0 c
©
o
=
0.5+
0.0- T T T T
24 48 24 48 24 48

2.5

2.0+

1.54

1.04

0.5+

0.0~

Treatment time (hours)

F)

siTET3 treatment in HEK293T (20nM)

il

Em TET1 expression
3 TET2 expression
[ TETS3 expression

48

Treatment time (hours)

T T
24 48

Housekeeping gene POLR2A (CT value)

25+

20

15+

10

Unt

Lipo

0w
[
]
[
>
o
-
o

—_— c
L]
O
=

L T

24 48

Bl 24 hours
1 48 hours

@
@
=
©
>
pot
o
-
5]
=
©
@
=

Scr  SiTET1 siTET2 siTET3

HEK293T (n=1)

167

30

20+

o~

20

254

5]
o
1

=y
o
1

TET1 expression in control cells

TET2 expression in control cells

TET3 expression in control cells

Bl 24 hours
[ 48 hours

Lipo

HEK293T (n=1)

Bl 24 hours
3 48 hours

Lipo

HEK293T (n=1)

EE 24 hours
= 48 hours

Unt

Lipo

HEK293T (n=1)

Scr

Housekeeping gene RPLPO (CT value)

Unt

Lipo

B 24 hours
3 48 hours

Scr  siTET1 siTET2 siTET3

HEK293T (n=1)



Figure 5.2 (Previous page) TETs mRNA relative expression decreased upon siRNA treatment
in HEK293T cells (n=1). Graph A-C) TETs mRNA relative expression in HEK293T treated by
SiTET1, SiTET2 or siTET3. HEK293T cells were seeded in a 10 cm dish mixed with siRNA (20 nM)
and transfection reagent. The following day, the cells were resuspended and seeded in 6-well
plates for 48 hours and harvested for RT-qPCR for a 24-hour time point of reverse transfection.
Cells were then resuspended and harvested for RT-gPCR after 48 hours of reverse transfection.
Graph D-F) Mean of Ct values of control cells represent the Ct value of untreated cells (Unt),
cells only treated with Lipofectamine RNAIMAX (Lipo) and cells treated with scramble siRNA
(SCR) for TET1, TET2 and TET3 mRNA. Graph G-H) Mean of Ct value for housekeeping genes.

The mean and SD of three technical replicates is represented in the bar chart.
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5.1.2 TET siRNAs significantly downregulated TET mRNA expression in BT474 cells

To gain insights into some of the functions of each TET in breast cell lines, the selected siRNA
pools were used to downregulate the expression of the three TET mRNAs in the breast cancer
cell line, BT474, together with Dr Lisa Del Bel Belluz in our department (Dr Del Bel Belluz
performed RNA extraction on 120h samples and qPCR; | performed siRNA reverse
transfections, RNA extraction of 24h and 48h samples, and all the data analysis). After
optimisation, 20nM siTET1, siTET2 and siTET3 mixed with Lipofectamine RNAiMAX (condition
shown in Table 2.8) was transfected into BT474 cells (Figure 5.3). The mRNA expression of

siRNA transfected cells was normalised to the expression of Lipo.

The Ct values of three TET of Unt and Scr were analysed in relation to the Lipo at 24 hours, 48
hours and 120 hours (one-way ANOVA, p values shown in Table 5.1 below). There was no
significant difference between the Ct value of Unt, Lipo and Scr. Moreover, the Ct values of
housekeeping genes were also not significantly different between the groups at 24 hours, 48

hours and 120 hours (two-way ANOVA, p values shown in Table 5.2 below).
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Table 5.1 Significance between gene expression for TET1, TET2 and TET3 in Unt-, Scr-

and Lipo - treated BT474 cells

The p values of the Ct value of TET1 mRNA expression between the control cells

Time point Lipo vs Unt Lipo vs Scr
24 hours p=0.791 p=0.890
48 hours p=0.978 p=0.958
120 hours p=0.872 p=0.999

The p values of the Ct value of TET2 mRNA expression between the control cells

Time point Lipo vs Unt Lipo vs Scr
24 hours p=0.953 p=0.997
48 hours p=0.997 p=0.999
120 hours p=0965 p=0.997

The p values of the Ct value of TET3 mRNA expression between the control cells

Time point Lipo vs Unt Lipo vs Scr
24 hours p=0.949 p=0.761
48 hours p=0.954 p=0.683
120 hours p=0.779 p=0.991
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Table 5.2 Significance between gene expression for POLR2A and RPLPO in Unt-, Scr-

and Lipo - treated BT474 cells

The p values of the Ct value of POLR2A mRNA expression between the control cells

Time point = Lipo vs Unt Lipo vs Scr | Lipo vs siTET1 Lipo vs SiTET2  Lipo vs SiTET3

24 hours p=0.931 p=0.979 p>0.999 p=0.607 p=0.793
48 hours p>0.999 p=0.999 p>0.999 p=0.990 p=0.999
120 hours p>0.999 p=0.997 p=0.871 p=0.738 p=0.570

The p values of the Ct value of RPLPO mRNA expression between the control cells

Time point | Lipo vs Unt Lipo vs Scr | Lipo vs siTET1 | Lipo vs SiTET2 | Lipo vs SiTET3

24 hours p=0.999 p=0.826 p>0.999 p=0.999 p>0.999
48 hours p=0.865 p>0.999 p>0.999 p=0.961 p=0.790
120 hours  p=0.792 p=0.895 p=0.945 p=0.980 p=0.497
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The reduction of each TET mRNA was specific after the treatment with the individual targeted
siRNA. After 24 hours of each siRNA treatment, the mRNA expression of TET1 was significantly
(p=0.002) reduced to 52.6%, and the downregulation remained consistently low until 120
hours (p<0.001, Figure 5.3 A). Furthermore, the mRNA expression of TET2 mRNA was
significantly (p<0.0001) reduced to 35.5%, remaining at 40% until 120 hours (p=0.002, Figure
5.3 B). Finally, the expression of TET3 mRNA, was significantly (p=0.005) reduced to 41.7%
after 24 hours and decreased to 30.1% (p<0.001) after 48 hours, to then increase to around
75.4% at 120-hour time point (Figure 5.3 C). This may be due to a higher loss of effectiveness

of TET3 siRNA between 48 hours and 120 hours.

This experiment showed that the mRNA expression of TET1, TET2 and TET3 can be
downregulated by up to 45.1%, 40% and 75.4%, respectively, by each siRNA until 120 hours
in BT474 cells. Therefore, for future experiments, the expression of TET proteins expression

and 5hmC levels will be measured within 120 hours.
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Figure 5.3 (Previous page) TETs mRNA expression significantly decreased upon siRNA
treatment in BT474 cells (n=3). Graph A-C) Relative expression of TETs mRNA in BT474
treated by siTET1, siTET2 or siTET3, respectively. BT474 cells were seeded in a 10 cm dish and
mixed with siRNA and transfection reagent. On the following day, the cells were resuspended
and harvested for RT-qPCR for 24 hour-time point of reverse transfection. The other cells
were seeded in 6-well plates for 48 and 120 hours. Cells were then resuspended and
harvested for RT-gPCR after 48 hours and 120 hours of reverse transfection. Graph D-F) The
mean of the Ct values of control cells represents the Ct values of untreated cells (Unt), cells
only treated Lipofectamine RNAiIMAX (Lipo) and cells treated with scramble siRNA (SCR) for
TET1, TET2 and TET3 mRNA, respectively. Graph G-H) Mean of Ct value for housekeeping
genes. The result shown represents the mean + SD of this group. Statistically significant was
calculated using the two-way ANOVA, indicated with an asterisk: *p<0.05, **p<0.01,

*#%n<0,001, ****p<0.0001.

5.1.3 siRNAs mediated TET knockdown in MCF10A cells

The downregulation of TETs mRNA with siRNA was also attempted on MCF10A cells. However,
due to time and technical problems, not enough cells were available for the 120-hour time
point. After both 24 and 48 hours of treatment with each siRNA, the mRNA expression of TET1,
TET2 and TET3 did not significantly decrease, and a high amount of variation was observed in
each biological replicate and group (Figure 5.4). However, a trend could be observed for each
TET mRNA. After siTET1 treatment for 24 hours, the expression of TETI mRNA was non-
significantly (p=0.944) reduced to 66.0%, and the trend in downregulation was constant
(p=0.739) after 48 hours. While both TET2 and TET3 mRNA expression was not noticeably
affected after 24 hours, a non-significant downregulation of both transcripts was observed at
the later time point (to 53.6%, p=0.952 and 29.3%, p=0.998 for TET2 and TET3 mRNA,

respectively).
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Forty-eight hours were necessary to see a noticeable trend in downregulation of TET2 mRNA
(p=0.309) after siTET2 treatment. However, this downregulation was not specific for TET2
mMRNA, as a non-significant downregulation at 48 hours could be seen also for TETI mRNA

(p=0.600) and TET3 mRNA (p=0.945).

After siTET3 treatment for 24 hours, the expression of TET3 mRNA was numerically but non-
significantly (p=0.985) reduced to 68.4% after 24 hours and further decreased to 39.1%
(p=0.823) after 48 hours. However, the expression levels of both TET1 and TET2 mRNA were
also non-significantly decreased (p=0.729 and p=0.853, respectively) after siTET3 treatment

for 48 hours.
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Figure 5.4 (Previous page) siRNAs mediated TET knockdown in MCF10A cells (n=3). Graph
A-C) Relative expression of TETs mRNA in MCF10A treated by siTET1, siTET2 or siTET3.
MCF10A cells were seeded in a 10 cm dish and mixed with siRNA and transfection reagent.
On the following day, the cells were resuspended and harvested for RT-qPCR for 24 hour-time
point of reverse transfection. The other cells were seeded in 6-well plates for 48 and 120
hours. Cells were then resuspended and harvested for RT-qPCR after 48 hours of reverse
transfection. Graph D-F) The mean of Ct values of control cells represents the Ct values of
untreated cells (Unt), cells only treated lipofectamine (Lipo) and cells treated with scramble
siRNA (Scr) for TET1, TET2 and TET3 mRNA. Graph G-H) Mean of Ct value for the housekeeping
genes. The result shown represents the mean + SD of this group. Statistically significant was

calculated using the two-way ANOVA.

As the statistical test showed higher variability in MCF10A compared to BT474, a further

analysis was performed to control for possible technical errors.

The Ct values of three TETs of Unt in BT474 and MCF10A were listed (see Table 5.3 and Table
5.4 below). There was no significant difference between the biological repeats, which means
the expression of three TETs is stable in both BT474 and MCF10A. Moreover, the delta Ct
value was analysed and showed in Figure 5.5. The result suggested that the expression of TETs

were not affected by the experiment.

Both the Ct values of three TET of Unt and the Scr were analysed in relation to the Ct value of
Lipo at 24 hours and 48 hours by one-way ANOVA (p values shown in Table 5.5 below). The
Ct values of the housekeeping genes of samples were analysed by two-way ANOVA at 24
hours and 48 hours (p values shown in Table 5.6 below). There was no significant difference
between each sample, indicating that this set of experiments was reproducible. Consequently,

either the downregulation of TETs mRNA expression in MCF10A cells need more validation,
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or there may be a still unknown biological reason behind this variation. Because of this, the

non-malignant mammary cells were not used for further analysis.
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Table 5.3 The Ct values of each sample in BT474 untreated cells at 24 hours.

Target name

TET1

TET2

TET3

Average of HSK

Repeat 1 Repeat 2
24.312 24.129
21.697 21.028
21.354 20.993
16.940 16.989

Repeat 3

24.443

21.881

21.604

17.603

Average of Ct

24.295

21.535

21.317

17.177

Table 5.4 The Ct values of each sample in MCF10A untreated cells at 24 hours.

Target name

TET1

TET2

TET3

Average of HSK

delta Ct

Repeat 1

27.365

23.302

22.861

17.972

BT474 Un
104

Repeat 2

27.548

23.934

24.303

19.106

treated at 24h

Ll

T T T
TET1 TET2 TET3

delta Ct

MCF10A Untreated at 24h

10

Repeat 3
26.518
23.434
23.517

18.337

-+

T T T
TET1 TET2 TET3

Average of Ct

27.144

23.557

23.560

18.472

Figure 5.5 Delta Ct value for BT474 and MCF10A untreated cells at 24 hours. Scatter plots

represent the mean with SD of Delta Ct per sample.
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Table 5.5 Significance between gene expression for TET1, TET2, TET3 in Unt-, Scr- and Lipo-

in MCF10A.

The p values of the Ct value of TET1 mRNA expression between the control cells

Time point Lipo vs Unt Lipo vs Scr
24 hours p=0.208 p=0.973
48 hours p=0.988 p=0.996

The p values of the Ct value of TET2 mRNA expression between the control cells

Time point Lipo vs Unt Lipo vs Scr
24 hours p=0.877 p=0.286
48 hours p=0.688 p=0.964

The p values of the Ct value of TET3 mRNA expression between the control cells

Time point Lipo vs Unt Lipo vs Scr
24 hours p=0.328 p=0.648
48 hours p=0.861 p=0.906
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Table 5.6 Significance between gene expression for POLR2A and RPLPO in Unt-, Scr-

and Lipo - treated MCF10A cells

The p values of the Ct value of POLR2A mRNA expression between the control cells

Time point = Lipo vs Unt Lipo vs Scr | Lipo vs siTET1  Lipo vs SiTET2 = Lipo vs SiTET3

24 hours p=0.693 p=0.988 p>0.615 p=0.999 p>0.999

48 hours p>0.999 p=0.993 p=0.903 p=0.993 p=0.998

The p values of the Ct value of RPLPO mRNA expression between the control cells

Time point = Lipo vs Unt Lipo vs Scr | Lipo vs siTET1 Lipo vs SiTET2  Lipo vs SiTET3

24 hours p>0.999 p=0.995 p>0.999 p=0.999 p>0.999

48 hours p=0.925 p>0.999 p=0.995 p=0.915 p=0.771

5.1.4 Levels of 5hmC are not affected by TET knockdown for 96 hours

As TET proteins are essential enzymes for the demethylation process, the downregulation of
TET mRNA should consequentially reduce the levels of 5hmC. To test this, the level of 5hmC
in the DNA was tested on cells treated with siRNA at 96 hours after transfection by a

colorimetric assay, as described in the methods (see the methods in subchapter 2.6).

In the three independent biological experiments (Figure 5.6), the colorimetric assay was
performed to measure the global 5hmC compared to the total cytosine (5hmC/C) content of
DNA using Sunrise™ microplate reader. The data of this assay were analysed by the ordinary
one-way ANOVA against the negative controls (Unt, Lipo and Scr). The global 5hmC/C content

of DNA in BT474 in each group was in the range of 0.008% to 0.009%, and there was no
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significant difference between each group and negative control (Lipo vs siTET1, p=0.993; Lipo
vs SiTET2, p= 0.991; Lipo vs siTET3, p=0.961). The results showed that the levels of 5hmC did
not significantly change after 96 hours, because it may take some time to decrease the levels
of TET proteins before the proteins act at the 5hmC level. It would be helpful to examine the

levels of 5hmC in RNA and the expression of TET proteins in further experiments.

Presence of ShmC in the DNA

__ 0.015-
Q
O
3
=
Te]
%5 0.010- T
X - T |
- 1
(=
=
Q
£ 0.005-
(1]
O
£
=
Ty ]
0.000- T T T

Unt Lipo Scr TET1TET2TET3
Cell lines (n=3)

Figure 5.6 The levels of 5ShmC in the DNA are not affected by TET knockdown in BT474 cells
(n=3). BT474 cells were seeded in a 10 cm dish and mixed with siRNA and transfection reagent.
On the following day, the cells were resuspended and seeded in 6-well plates. Cells were then
harvested for colorimetric assay after 96 hours of reverse transfection. The result shown
represents the mean + SD of this group. Statistical significance was calculated by ordinary

one-way ANOVA against Lipo.

182



5.1.5 Increase in cell proliferation is associated with the knockdown of TET

To investigate the proliferation of the cells transfected by siRNAs, a cell proliferation assay
(see the methods in subchapter 2.8.3) was performed on the siRNA treated BT474 cells by
monitoring it with the Incucyte ZOOM software. Cell proliferation was quantified by analysing
the phase object confluence every 4 hours. The untreated cells showed a higher proliferation
than cells treated with only Lipofectamine RNAIMAX reagent (Lipo) and cells treated with
Lipofectamine RNAIMAX and scramble (Scr). This may be due to the technical aspect, since
the transfection reagent is toxic to the cells and the cells become more sensitive after
trypsinization. Interestingly, after 120 hours, it was demonstrated that knocking down TET1
(p<0.001), and TET3 (p<0.001) significantly increased the BT474 proliferation compared to
Lipo control (Figure 5.7). In particular, TET2 knockdown induces a significantly reduction

(p<0.0001) of proliferation by 18.75% compared to Lipo.

Only the knockdown of TET2 significantly decreased the cell proliferation compared to Lipo
(Figure 5.7), supporting my hypothesis that three TET proteins work in different ways in
cancer progression. TET2 may act as a tumour suppressor while TET1 and TET3 may act as
oncogenes. Previous experiment of sublocalisation of TETs also support this hypothesis (see

subchapter 4.1.1 and 4.1.3), | will discuss it in subchapter 5.2.
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Figure 5.7 (Previous page) Cell proliferation in BT474 cells following TET knockdown (n=5).
Graph A) The proliferation of BT474 cells after treatment with siTET1 (20nM, pink) and
negative controls (Unt, Lipo, Scr). Graph B) The proliferation of BT474 cells after treatment
with siTET2 (20nM, yellow) and negative controls (Unt, Lipo, Scr). Graph C) The proliferation
of BT474 cells after treatment with siTET3 (20nM, blue) and negative controls (Unt, Lipo,
Scr).BT474 cells were seeded in 10 cm dishes and mixed with siRNA and transfection reagent.
On the following day, the cells were resuspended and seeded in 96-well plates for cell
proliferation analysis. The mean and SD for each condition is represented at each time point.
Statistical significance was calculated by Mann-Whitney test against control, indicated with

an asterisk: ***p<0.001, ****p<0.0001.
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5.1.6 Evaluation of gene expression following TET knockdown in BT474

In the previous experiment (5.1.4), the proliferation of siRNA treated cells differed from the
proliferation of control cells. TET1 and TET3 knockdown induce higher proliferation whilst
TET2 knockdown induces a lower proliferation. It would be very useful to investigate if TET
siRNAs regulated any marker genes in breast cancer progression. Therefore, one of my aims
is to investigate whether TET regulates any functional change in breast cells, gPCR was
performed to test the expression of the target genes after TET knockdown. As | mentioned
above, KI67 and MCM2 are biomarkers for measuring proliferation in breast cancer; BCL-2,
and BCL-w are the marker genes of apoptosis; ESR1 and GATA3 are key transcription factors
often silenced by DNA methylation in basal-like breast cancer; DNMT1 and DNMT3a are DNA
methylases. Therefore, DNMT1, DNMT3a, KI67, MCM2 BCL-2, BCL-w, ESR1 and GATA3 were
selected as target genes and their expression was analysed at 48 hours post transfection.
According to my previous studies, | hypothesise that TET2 acts as a tumour suppressor while
TET1 and TET3 act as oncogenes in breast cancer. If TET2 acts as a tumour suppressor,
expression of Ki67 and MCM?2 will increase, BCL-2, BCL-w, ESR1 and GATA3 will decrease after
SiTET2 transfection, on the contrary, if TET1 and TET3 protein act as an oncogene, the

expression of these genes would change opposite.

Unfortunately, | lost the samples of Lipo control, so | could not normalise data to Lipo for this
experiment. Based on previous experiments, the gene expression and the proliferation of Lipo
and Scr had no significant change. Therefore, | normalised the gPCR data to Scr control for
this experiment. However, there was no significant change (p values shown in Table 5.7 below)

in the expression of these target genes (Figure 5.8). Thus, siTET did not change the mRNA
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expression of these target genes. For the future experiment, the protein levels of these genes

can be determined to evaluate if the post-translational regulation occurred.
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Table 5.7 Significance between gene expression for DNMT1, DNMT3a, Ki67, MCM2, Bcl-2,

Bcl-W, ESR1, GATA3 in Unt-, Scr- and Lipo- in BT474

The p value of the Ct value of gene expression between siRNA treated cells and Scr

Target gene Scrvs Unt Scrvs siTET1 Scrvs SiTET2 Scrvs siTET3

DNMT1 p=0.701 p=0.685 p=0.845 p=0.522
DNMT3a p=0.733 p=0.995 p=0.994 p=0.941
K1 67 p=0.398 p=0.994 p=0.997 p=0.905
MCcMm2 p=0.980 p=0.317 p=0.399 p=0.819
BCL-2 p=0.501 p=0.189 p=0.987 p=0.350
BCL-wW p=0.987 p=0.999 p=0.827 p>0.999
ESR1 p=0.995 p=0.936 p=0.995 p=0.863
GATA3 p=0.131 p=0.0.857 p=0.242 p=0.229
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Figure 5.8 (Previous page) Target gene expression not significantly changes upon siRNA
treatment in BT474 cells (n=3). BT474 cells were seeded in a 10 cm dish and mixed with siRNA
and transfection reagent. On the following day, the cells were resuspended and seeded in 6-
well plates. Cells were then harvested for RT-qPCR after 48 hours of reverse transfection. The
mean and SD for each condition is represented in the bar chart. Statistically significant was

calculated using the ordinary one-way ANOVA.
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5.2 Discussion

This chapter reports the validation of the downregulation of TET mRNA expression in BC cells
and non-tumorigenic breast cells (result see subchapter 5.1.2 and 5.1.3), the determination
of the global 5hmC change in BT474 cells (result see subchapter 5.1.4), the measurement of
cell proliferation of siRNA treated BT474 cells (result see subchapter 5.1.5) and the
quantification of the mRNA expression of selected marker genes in BT474 cells (result see

subchapter 5.1.6).

According to siRNA mediated knockdown experiments, the expression of three TET mRNAs
was successfully reduced in BT474 cells individually, whilst in MCF10A, there is a considerable
variation in each expression over time. The considerable variation could be because the
number of cells not consistent, so the future experiment should seed a certain number of
cells for transfection. Moreover, future work could use other non-malignancy breast cell lines,
such as MCF12A and HB2, to validate the downregulation of TET mRNA expression. MCF12A
is @ non-tumorigenic, heterogeneous, ER-, mammary gland cell line, and HB2 is a triple
positive mammary luminal epithelial cell line isolated from human milk (194, 195). Since
results from my previous chapters mentioned that the levels of 5hmC increased in the
cytoplasm in cancer compared to normal epithelium, | hypothesise that the distribution of
5hmCin ER negative cell lines may be more stable than in other subtypes. Therefore, MCF12A

would be a better model to use.

To investigate the association of three TETs and 5hmC, | determined the levels of 5hmC by
colorimetric assay after knockdown TET mRNA expression separately. The result of my
colorimetric assay did not show a significant difference in the levels of 5hmC between the

knockdown cell lines and the negative controls. This result could be because | did not find the
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right time point. A previous study used the colorimetric assay and the immunofluorescence
staining to show that silencing of TET1 and TET3 led to a decrease of 5hmC levels in uterine
leiomyoma after siRNA transfection (196). However, this study did not mention when they
quantified the 5hmC levels. Another study by Cakouros and colleagues measured the levels
of 5hmC of human bone marrow-derived mesenchymal stem/stromal cells after being
cultured under different conditions for two weeks (197). This study suggests that the levels
of 5hmC need a long time to change. As the TET proteins are the enzymes for
hydroxymethylation, the expression of TET proteins should be altered in advance, and then

the levels of 5hmC will be altered later.

However, | did not perform the western blot experiments required to investigate the protein
levels due to time limitations. Therefore, it is unknown when the TET proteins are reduced
after the reverse transfection. Future work could validate the alteration of TET proteins

followed by testing the levels of 5hmC.

According to the results from the previous chapters, the levels of 5hmC changed in the
cytoplasm, which suggested the modifications of 5hmC may change in RNA. It would be
helpful to validate if siTETs regulate the 5hmC levels in RNA. However, | did not perform any
experiments to validate the levels of 5hmC in RNAs. Future work could validate the changes

of 5hmC level in RNA in control cells and siRNA treated cells.

To provide evidence for the role of TETs in breast cancer, | performed functional studies after
siRNA transfection. For functional studies, | hypothesised that TET2 is a tumour suppressor
gene, so | expected an increase of the expression of KI67 and MCM2 and a decrease of BCL-
2, BCL-w, ESR1 and GATAS3 after siTET2 transfection and opposite results after siTET1 and

SiTET3 transfections. However, there is no significant difference in marker genes' expression
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between knockdown cell lines and negative controls. Same as the colorimetric assay, these
gene expression could be altered after the reduction of TET proteins. Moreover, it would be
helpful to perform western blots to examine the protein expression of these target genes. So

that it could confirm if post-translational regulation occurred.

Interestingly, the cell proliferation assay showed the proliferation of BT474 was significantly
increased after downregulating TET1 and TET3 mRNA. However, Navarro and colleagues
suggested an opposite result that TET1 and TET3 knockdown decrease cell proliferation in
leiomyoma (196). On the contrary, TET2 knockdown reduced cell proliferation in breast
cancer cell lines, confirming the previous studies in mast cells by Montagner and colleagues,
and in leukaemia cells by Wang and colleagues (198, 199). Another study suggests TET2-
mediated DNA hydroxymethylation regulated cell proliferation by modulating bisphenol
A/bisphenol S-stimulated pathway in ER+ breast cancer cells (200). Although BT474 is an ER-
breast cancer cell line, it would be interesting to investigate if TET2 regulate cell proliferation

in ER- cell lines through the same pathway in the future.

Based on the result from the previous chapter (see subchapter 4.1.1 and 4.1.3), the
subcellular localisation of TET proteins does indeed suggest a tumour suppressive role of TET2.
IHC result indicated that a higher proportion of positive stained cells of cytoplasmic TET2 in
cancer compared to normal epithelial tissues. Moreover, the ICC result revealed a higher
distribution of TET2 expression in both the nucleus and cytoplasm of cancer cells compared
to normal cells. Additionally, from the previous ISH result (see subchapter 4.1.5), nuclear TET2
mRNA is significantly lower in cancer compared to benign. DNA methylation and
demethylation processes mainly occur within the nucleus, so the presence of TET2 in the

cytoplasm in cancer may not directly participate in DNA demethylation regulation but in RNA
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5hmC modification. The altered distribution of TET2 in cancer cells might suggest a disruption
in its regulatory role in DNA demethylation, potentially contributing to tumorigenesis.
However, the oncogenic roles of TET1 and TET3 require further investigation. Due to certain
limitations, including time constraints and budget availability, | did not investigate the
subcellular distribution of TET1 and TET3 mRNA on BC tissues. IHC results did not reveal a
significant difference in TET1 or TET3 expression between cancer and normal tissues. In
contrast, ICC result showed an increase in TET1 expression in the cytoplasm of cancer cells
compared to normal cells. Since the lack of subcellular localisation of TET1 mRNA, only the
altered localisation of TET1 protein suggests that TET1 might have an oncogenic role, which
supports the results of the proliferation assay. Conversely, the expression of TET3 showed a
higher distribution in normal cells in both the nucleus and cytoplasm than in cancer cells in
ICC experiment. Therefore, it is possible that TET3 may promote tumorigenesis, which is
contrasts with the results of proliferation assay. Further study could perform ISH experiments
rescue experiments, double knockdown experiments and other mechanistic studies to

validate my hypothesis and fully understand the roles of TET proteins in BC.

Here are some limitations of my experiment. While | only reduced the expression of TET
proteins, the TET proteins should be overexpressed to examine the alteration of 5ShmC levels
and functional studies. Furthermore, 5hmC levels are variable in breast cell lines, but | did not
perform any effective measures to control the levels of 5hmC. This could lead to a lack of
accuracy and repeatability. To control the levels of 5hmC, 5-azacytidine (5-AZA) could be a
useful chemical compound, as 5-AZA inhibits DNA methylation, which is the income of 5hmC
(201, 202). Otherwise, (S)-2-hydroxyglutarate (S-2HG), a competitive inhibitor of a-

ketoglutarate, which inhibits the TET activity, could also reduce the 5ShmC levels (203, 204).
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6. Discussion and Conclusions

6.1 Summary of findings

Despite scientific advances, BC is still one of the most common cancers in women in Europe
and in worldwide (1, 205). For the development of new targeted therapies, a complete

understanding of how the cancer genome is regulated is essential.

Hydroxymethylation is one of the epigenetic changes occurring in the process of genome
regulation. The loss of 5ShmC is now considered a hallmark of melanoma (117), and it is being
linked with progression and stages of several types of solid cancers. However, while a large
number of 5hmC studies have sprung up, only a few research focused on breast cancer (104,
147, 161, 169, 170, 176, 184, 206, 207). Moreover, due to the technical limitations, the vast
majority of the studies still focus on the investigation of 5hmC landscape of the human
genome (208-210), while not many studies focus on the 5hmC functional study. Unlike
previous studies, this work aimed to focus on the role of 5hmC specifically in breast cancer.
Furthermore, the study also aimed to determine how the differential expression of the three
ten-eleven translocation (TET) enzymes, catalysts of 5hmC synthesis, is altered in breast

cancer compared to the non-diseased breast.

Therefore, the main aim of this study was to investigate the differential expression of 5hmC
distribution and TET expression levels, the correlation between each TET and
hydroxymethylation and the possible role of 5ShmC and TET proteins in normal and breast

cancer samples.

This study provided clear evidence that 5hmC is not only a modification of the DNA but could

be involved in further regulatory pathways within the cytoplasm.
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In chapter 3, the distribution of 5hmC in the breast was validated by IHC performed on non-
malignant and cancer breast epithelium. | observed an interesting significant localisation of
5hmC in the cytoplasm of breast cancer cells, which has not been reported before. By
validating this in colitis-associated cancers, | was also able to confirm that this novel finding
is not a unique feature of breast cancer but could be a hallmark of other solid tumours. This
study suggested a possibility that previous work ignored the existence of cytoplasmic 5hmC.
For instance, the work from Pavlova and colleagues only quantified the 5hmC staining in

nuclei but they did not analyse the cytoplasmic staining in melanoma patient tissues (211).

Moreover, the proportion of positive cell of cytoplasmic 5hmC was significantly higher in
cancer compared to normal epithelium from ER- patients, which indicates the levels of 5hmC
will probably relate to ER status in BC. Tsai and colleagues also suggest that a decrease of
5hmC could be a marker for poor prognostic factor in the ER/PR-negative breast cancer
subtype (161). Taken together, the distribution of 5ShmC may be subtype specific.

Since the levels of 5hmC are affected by the expression and function of TET proteins, it is
beneficial to study the distribution and function of TETs. TET1 acts as both oncogene and
tumour suppressor functions in cancers. As a tumour suppressor, TET1 represses cell
migration, induces cell apoptosis, and prevents invasion and metastasis in cancer cells (123-
125, 128, 193). Contradictorily, as an oncogene, TET1 reduces cellular proliferation in triple-
negative breast cancer (131). Additionally, Good and colleagues discovered an isoform of
TET1, TET1A" which is overexpressed in triple-negative BC, and knockdown of TET1 resulted
in the decrease of 5hmC (131). Most studies regard TET2 as a tumour suppressor and describe
how it regulates cell differentiation in luminal breast cancer (164). Zhang and colleagues
reported a negative correlation (p<0.05) between 5hmC and TET2 expression in BC patients

and a positive correlation (p<0.001) in patients carrying precancerous breast lesions (176).
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This suggests that TET2 has different effects in patients with different pathological stages.
Broome pointed out that depleting TET2 expression decreases the levels of 5hmC in ER+ BC,
suggesting a possible mechanism for TET2 regulating 5hmC modification (180). Wu and
colleagues showed that loss of nuclear TET2 and miR-200c expression is negatively correlated
(p<0.05) with all-trans retinoic acid (ATRA) resistance in high tumour grade and aggressive BC
(181). This result indicates microRNA may participate in the alteration of 5hmC and TET2
proteins. In comparison, the possible role of TET3 is still unknown, but a higher expression
level in breast cancers, compared to normal tissues, has been observed (144). According to
these findings, three TET proteins could affect the different hallmarks of cancer, so it would
be helpful to demonstrate the possible function of TET proteins in cancer and normal breast

cells.

Thus, the other aim of my study was to determine the expression of three TET proteins in BC.
My results indicates that the distribution of TET2 showed the same trend of distribution of
5hmC, corresponding to a significant increase in the cancer cytoplasmic epithelium in ER-
samples. This result supported an essential mechanism by Broome and colleague that TET2
co-bind with ER and GATA3 at enhancer elements which alters the regulation of 5hmC (166).
This study suggests an oncogenic role of TET2 in ER+ breast cancer. On the contrary, Lyu and
colleague suggests a tumour suppressor of TET2 in ER+ BC (212). From the result of KM plotter,
the higher expression of TET2 mRNA is positively correlated with the probability of higher
survival rate in both ER+ and ER- BC patient samples. Taken together, it is possible that ER
regulate or combine with TET2 and GATA3 to convert 5mC to 5hmC in breast cancer cells, but

this hypothesis needs further validation.
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A correlation analysis (only on 6 ER- samples) between the proportion of positive cells of
5hmC and the proportion of positive cells of three TET proteins was also performed in my
study (Figure 4.2). The expression of TET2 was significantly negatively correlated to the 5hmC
level in both the nuclei and the cytoplasm in cancer epithelium. Moreover, | analysed the
changes of 5hmC and TETs between normal and cancer in each patient (Figure 4.3). There is
a positive correlation between the changes of 5ShmC and TET2 in the cytoplasm, while there
is a negative correlation in the nucleus. Two correlations analysed data from different
dimensions, one is cross-sectional data, and the other is the difference between two states
(normal and cancer). Overall, the proportion of positive cells of TET2 and 5hmC were
negatively correlated in between the patient, however, there was a significant increase of

5hmC and TET2 for each patient individually from normal breast cell to the BC cell.

Regarding the changes of 5hmC and TET2, | hypothesise that, in the cytoplasm, 5hmC is
modified in RNA by the catalysis of TET2, followed by TET2 degradation. This hypothesis is
based on evidence that the levels of 5hmC in tRNA were significantly decreased in TET2
knockdown in mouse ESCs (mESCs) compared with wild type mESCs (213). Moreover, it has
been reported that TET2 is degraded via four different pathways (186).To validate my
hypothesis, | performed the dot blots to detect the hydroxymethylation in DNA and different

RNAs in breast cells.

To our knowledge, this study reported here determined a new for the first time the RNA
hydroxymethylation in breast cells. My research determined that 5hmC distributes in the RNA,
the long (>200 nt) and short (<200ng) RNAs, using the dot blot in MCF10A cells and BT474
cells. This could be further evidence supporting the notion that 5hmC may be a modification

in multiple RNA types. This also confirmed some previous studies that 5hmC is present in the
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RNA in mouse brain tissue, mRNA in Drosophila, and IncRNA in CRC (96, 97, 162, 163). This
evidence also suggests that 5ShmC may regulate the transcription or translational processes in
the RNA in BC. Shen and colleagues supported this suggestion that TET-mediated tRNA
hydroxymethylation promotes translation in mESCs and HEK293T cells (213). Besides, Lan and
colleagues reported that RNA hydroxymethylation reduces the stability of pluripotency-
promoting transcripts in mESCs and might also contribute to RNA splicing and mRNA
metabolism (164). Therefore, it is assumed that 5ShmC may regulate the stability of the mRNA.
In addition, Zhou and colleagues pointed out that 5ShmC-modified IncRNA genes play critical
roles in cancer initiation, metastasis, and prognosis (214). Eventually, the levels of 5hmC in
IncRNA could be a biomarker to predict cancer progressions.

My hypothesis is that, in the cytoplasm, 5hmC is added to the RNA by the catalysis of TET2,
followed by TET2 degradation. To validate my hypothesis, it is useful to detect the distribution
of TET2 mRNA in benign and cancer tissues. There was no significant difference in the
expression of TET2 mRNA between cancer and benign samples. However, nuclear TET2 was
significantly lower in cancer than the normal epithelium, and cytoplasmic TET2 did not show
a significant difference between each group. A previous study reported that TET2 can be
regulated by miRNAs and IncRNAs in post-transcription regulation and it can be degraded in
post-translation regulation via four different pathways in normal cells (186). Hence, it is
possible that many TET2 mRNAs are made in normal breast cells, but not many functional
proteins are translated. In comparison, most of the TET2 mRNA is translated into functional
proteins in BC cells.

To further investigate the function of 5hmC and the TET enzymes, | performed functional
studies after siRNA transfection. The mRNA expression of TET1, TET2 and TET3 was

successfully downregulated in BT474. The level of 5hmC in knockdown cell lines was detected
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by colorimetric assay, but it did not show a significant decrease between the knockdown cell
lines and the negative controls, which was different from my expectation. As the TET proteins
are the enzymes for hydroxymethylation, the expression of TET proteins should be altered in
advance, and then the levels of 5hmC will be changed later. Further study should perform on
the western blot to confirm the downregulation of the protein expression. To examine the
effects of TET proteins in proliferation, apoptosis, and cell differentiation, the mRNA
expression of KI67, MCM2, BCL-2, BCL-w, ESR1 and GATA3 were detected by gPCR in negative
control and siRNA knockdown cell lines. However, | did not observe any significant difference
in these marker genes. Like the colorimetric assay, these gene expression may be altered after
the reduction of TET proteins. Interestingly, TET2 knockdown reduces cell proliferation of ER-
BC cell lines, while TET1 and TET3 knockdown increase the cell proliferation of ER- BC cells.
This result indicated that TET2 might act as a tumour suppressor. Li and colleagues suggest
that TET2 works with ER and DNMTs regulated cell proliferation in ER+ BC cells (164).
Moreover, Broom and colleagues also report that TET2 cooperates with ER to promote cell
proliferation in ER+ BC cells (166). Thus, future studies could examine if TET2 cooperates with

DNMTSs to regulate cell proliferation in ER- BC cells.

6.2 Limitations of the study

The current research on the function of 5hmC remains obscure and controversial. Due to the
lack of accurate research approaches, the research progress of 5ShmC has been carried out
slowly.

The first limitation of this study is that there is currently no accepted means of effectively

controlling the variables of 5hmC in the BC cell lines, so | did not use the methods already
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used in the current literature in my research. Due to the variability of 5ShmC abundance in the
cell lines, | did not perform the quantitative assays for the ICC experiment. Moreover, mRNA
expression of TET1, TET2 and TET3 was not successfully downregulated in MCF10A. Though,
previous studies showed that 5-AZA-2’-deoxycytidine treatment could increase the level of
S5hmC in cell lines (202, 215). However, the length and the dose of this treatment need to be
optimised. Due to time limitations, the challenge of the variability of 5ShmC levels in cells was
not overcome.

During the experiment, | observed that the 5hmC was mainly present in myoepithelium, not
in luminal cells. Again, | did not perform any further analysis or experiments, due to the time
limitation. Most BCs originate from the luminal epithelial cells involved in milk production
which exhibit the most changes during morphogenesis (216). Instead, myoepithelial cells are
thought to have only mostly contractile functions, helping to transport milk to the nipple for
ejection (216). The myoepithelial cells not only have physiological functions like regulation of
growth, differentiation and morphogenesis of neighbouring cells but also secrete growth
factors and cytokines such as basic fibroblast growth factor (bFGF), transforming growth
factor-a (TGF-a) and various cytokines. In BC progression, myoepithelial cells inhibit tumour
cell growth, invasion, and angiogenesis, and prevent the invasion of tumour cells from the
duct to the stroma. Moreover, they possibly alter the levels of the secretions resulting the
changes of the tumour microenvironment (217). Therefore, 5hmC displays in myoepithelial
cells, which may affect the tumour environment changes in the breast tissue. Further study
should verify the amount of 5hmC and TET proteins in luminal and myoepithelial cells. If so,
it would be interesting to study whether TET-mediated hydroxymethylation regulates the

tumour microenvironment changes.
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Moreover, since hypoxia is a hallmark of cancer, and oxygen is a necessary cofactor during
the DNA modification process, this could be another reason for the different levels of 5hmC
in two types of cells. At the beginning of my study, | hypothesised that low oxygen levels might
influence TET proteins hydrolysis and 5hmC modification during the growth and progression
of tumour cells. Not only hypoxia is a hallmark of cancer, but oxygen is a necessary cofactor
during the DNA modification process. However, | did not observe any significant difference in
5hmC levels between normoxia and hypoxia. It is probable that 5ShmC is variable amongst
different cell types, which also agrees with the study by Nector and colleagues (174). Because
of time limitations (and the pandemic), the challenge of the variability of 5hmC levels in cells
was not overcome. Therefore, | did not continue to study the hypoxia condition.

Consequently, 5hmC in RNA was only observed in the dot blot experiments. Although, RNA
hydroxymethylation was found in other cells (97, 164), it would be useful to perform other
experiment to prove this novel finding, such as the colorimetric assay LC-MS, and hMeRIP-
Seq. Notably, the colorimetric assay kit is available in our lab now, but it was not able to

perform the experiment at the time of writing.

6.3 Future directions

As discussed, 5hmC is present in both DNA and RNAs, but the specific localisation of 5hmC in
the nucleic acid sequences is still mostly elusive. It is imperative to develop a method to
localise 5hmC on genome at a single-base resolution to take this further and to be able to
correlate hydroxymethylation with the regulation of specific genes, as is currently possible
for methylation studies. To identify the distribution and abundance of 5hmC, | used

immunohistochemistry, dot blot and colorimetric assay. These qualitative or semi-
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guantitative tests can only show the distributions of hydroxymethylation, but they cannot

truly localise the 5hmC in cancer versus normal samples.

For mapping hydroxymethylation in the DNA, the gold standard method combines bisulphite
sequencing (BS-seq) and oxidative bisulphite sequencing (oxBS-seq). In BS-seq, unmethylated
cytosines are deaminated to uracils and then converted to thymines, whereas 5mC and 5hmC
are not deaminated and can be sequenced as cytosine (218). In OxBS-seq, 5hmC is oxidised
to 5fC which is sensitive to deamination by bisulphite, so that 5hmC and unmethylated
cytosine read as thymine and only 5mC reads as cytosine after bisulphite treatment (218).
The two sequencing methods run parallel on the same sample, to allow the final distinction
between 5hmC and 5mC. However, as bisulphite conversion involves a harsh chemical
conversion step, the majority of DNA is degraded after bisulphite treatment (219), and this

process may be incompatible with RNA sequencing (218).

Two alternative methods, TET-assisted pyridine borane sequencing (TAPS) (220) and APOBEC-
coupled epigenetic sequencing (ACE-seq) (221), are bisulphite-free methods and could
provide few advantages on the classic BS/oxBS combination. Therefore, the advantage of
these two methods is that they protect the hydroxymethyl group by glycosylation to be more

suitable and refined choice methods for sequencing both DNA and RNA.

Finally, Oxford Nanopore Technologies has developed an Enzymatic Methyl-seq method
based on APOBEC3A deamination, which can accurately identify 5ShmC modifications on
native DNA sequences (222) and adapted their own direct RNA sequencing to allow the

identification of RNA modifications (223).

However, due to the limitation of techniques available, cost and time, the sequencing

methods cannot be easily performed in the lab. Newer technique is still under development.
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In this regard, for future studies, it would be very helpful if whole genome sequencing could

be performed for hydroxymethylation on BC and normal breast samples.

As part of future work, it would be interesting to investigate the levels of 5hmC and the
expression of TET proteins in luminal and myoepithelial cells. Previous works suggest that
myoepithelial cells play an important role in the alteration of the microenvironment and
tumour progression (217, 224). The tumour microenvironment is considered to be a major
regulator of tumour progression (225). Moreover, previous work reported that macrophages,
myoepithelial cells, and several ECM molecules play crucial roles in ductal morphogenesis
(225). To start with, future work could investigate 5hmC levels in 3D organoids to mimic the
breast duct. The level of 5hmC will be detected in 3D organoids derived from BT474 and
MCF12A (both are ER- cell lines) to test whether the variability of 5hmC synthesis is
dependent on cell types. If the levels of 5hmC are stable in 3D organoids, hypoxia markers,
such as HIFla, can also be examined in these 3D organoids to validate whether 5hmC
synthesis is dependent on the tumour environment.

As mentioned in subchapter 3.2, the levels of 5ShmC may be affected by the cell cycle. It would
be helpful to study whether the level of 5hmC changes in cell cycle phases in breast cancer.
Prikrylova and colleagues suggested that the amount of 5hmC is proportional to doubling
time in Hela cells, and the amount of 5hmC showed a peak in the G1 phase and reduced
through S and G2/M phases (226). | hypothesise that the 5ShmC level may change in the cell
cycle phase in BC. To validate the 5hmC level changes in cell cycle phases, future studies could
synchronise cells in the G1/S phase using a double thymidine block and in the G2/M phase

using a nocodazole block (226).

204



My research did not distinguish between TET isoforms (TET1f, TET1AY, TET2, TET3™), which
were previously described in cancer cells. Based on Good and colleagues’ work (131), the
TET1AT isoform characterised by different methylation and gene expression targets
compared to the full-length variant. TET1 regulates 5hmC levels at gene promoters and exons
through its CXXC domain. The balance between the expression of the full-length variant and
of the CXXC-deficient TET1T, which has been detected in a variety of tissues such as mice
embryonic stem cells, mice brain tissues, but also in a variety of cancer cells lines, including
breast, uterine and glioblastoma (101), may therefore serve as a regulation of methylation in
a time or tissue-specific manners. Therefore, | hypothesise that different TET isoforms may
act differently in breast cancer progression.

My study suggested that TET2 may be more important than TET1 and TET3 in this context.
According to the NCBI database, TET2 mRNA has 11 splice variants, which can produce 7
functional proteins (227). It would be helpful to investigate whether TET2 alternative splicing
occurs in breast cells and if the activities of TET2 isoforms are different. Future work could
also answer the question on whether alternative splicing is involved in regulating gene
expression and in turn 5hmC modification. To quantify the expression of TET isoforms, real-
time gPCR could be used to measure the transcription level of TET isoforms in different breast
cell lines. Moreover, a new BaseScope Assay developed by ACD (Advanced Cell Diagnostics)
could be used to identify the localisation of precise cells within a tissue expressing specific
TET splice variants via in situ hybridisation. Thus, the expression and the sublocalisation could

be validated by this experiment.
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6.4 Conclusions

In summary, this study determined a novel localisation of 5hmC in the cytoplasm of cancer
cells. The proportion of positive cell of cytoplasmic 5hmC was significantly higher in cancer
compared to normal epithelium from ER- patients, which indicates the levels of 5hmC may be
subtype specific. This study provided evidence that, in breast cells, 5hmC is a modification of
both DNA and RNA, including long and short RNA molecules. The distribution of cytoplasmic
TET2 showed correlations with the proportion of positive cell of 5hmC and this may have
prognostic significance. Results presented here suggest that 5hmC may have a role in the

development of certain sub-types of BC and TET2 is of particular relevance here.
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