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Abstract of thesis ‘Standardising biosamples for the investigation of hTERC and 

TERRA in endometrial cancer pathogenesis’ by Dr Meera Adishesh 

Endometrial cancer (EC) is the most common gynaecological malignancy and new diagnostic, 

therapeutic and prognostic strategies are needed to improve the outcomes of millions of 

women, worldwide. The work presented in my thesis aims to improve the endometrial cancer 

research, advancing our current knowledge of endometrial carcinogenesis. In the first results 

chapter, I report the effect of pre analytical variables such as timing of the samples and 

sampling methods on expressional analysis in the endometrial samples by comparing samples 

taken before and after hysterectomy. This study has formed the basis for a consistent method 

used for the sample collection in the subsequent chapters and also highlighted the need for the 

work described in chapter 7, where harmonisation of EC biosample collection was undertaken. 

Further on, to advance our current knowledge about endometrial carcinogenesis by studying 

the non-coding RNA(Ribonucleic acid)s related to telomerase enzyme. I have demonstrated 

that hTERC levels varied in human endometrium throughout menstrual cycle, highest levels 

observed in postmenopausal endometrium suggesting constitutive expression of hTERC. In 

EC, hTERC levels did decrease, and when compared amongst different grades of cancer, 

highest levels were detected in grade 3 endometrioid EC.  

Although telomeres were considered to be transcriptionally silent until recently, telomeric 

repeat-containing RNA (TERRA) molecules are transcribed from CpG-island containing 

subtelomeric promotors. Considering the intricate relationship between telomerase, telomeres 

and endometrial cellular proliferation, I hypothesised that TERRAs may have an important role 

in endometrial carcinogenesis. To test this hypothesis, I examined TERRA from chromosomes 

1q-2q-4q-10q-13q-22q,16p and 20q in healthy normal, benign proliferative conditions such as 

endometriosis and EC samples. I demonstrated that TERRA levels are dynamic in human 

endometrium, and significantly lower in ECs.  

The dynamic changes in both hTERC and TERRA levels suggest hormone regulation and 

therefore I progressed to examine the hormone regulation of hTERC and TERRA levels both in 

vitro and in vivo in the work described in Chapter 6. There were significant changes in the 

levels of hTERC and TERRA16p with progesterone and combined O+P treatment. These 

changes were not replicated with in vivo hormonal regulation study, in endometrial samples 

from women on exogenous hormones such as GnRH analogues and Mirena IUS.  

The results from previous chapters identified the importance of standardisation of biospecimen 

collection and processing. Finally, to achieve this to improve EC research we designed and 

conducted the HASTEN study (Harmonisation of biobAnking STandards in Endometrial 

caNcer research). The final tools were accepted by a large multi-disciplinary team and they are 

published in a well-known peer reviewed journal, where they are freely available to all EC 

researchers globally.  

To conclude, my work has paved way to more detailed understanding of factors affecting EC 

research, achieving consensus amongst EC researchers about standardising biobanking 

standards and recognising newer non-coding RNAs to play a role in endometrial 

carcinogenesis.  

  



23 
 

 

 

 

 

 

 

Chapter 1: Introduction 

 

 

 

 

 

 

 



24 
 

Endometrial cancer (EC) is the most common gynaecological malignancy with an increasing 

incidence and an increase in associated mortality. New diagnostic, therapeutic and prognostic 

strategies are therefore urgently needed to improve outcomes for millions of women, suffering 

with EC worldwide. The work presented in this thesis aims to improve EC research, advancing 

our current knowledge of endometrial carcinogenesis.  

Endometrium 

Studies of EC require a good understanding of the unique structure and function of healthy 

human endometrium. Human endometrium is one of the most dynamic somatic organs in the 

body. It is a complex multicellular tissue, which has two layers, basalis and functionalis that 

are composed of glands embedded in cellular stroma. The unique quality of the endometrium 

is its iterative cyclical shedding and regeneration, and this is regulated by ovarian hormones  

(Hapangama et al., 2015),  (Tempest et al., 2020). Human endometrium undergoes growth and 

differentiation in the first half of the menstrual cycle, then in the absence of conception it 

undergoes degeneration, shedding and regeneration. At the time of menopause, endometrium 

becomes quiescent due to the cessation of ovarian hormone production (Kamal et al., 2016a). 

This thin postmenopausal endometrium can still be regenerated by exogenous ovarian steroid 

hormones (Ferenczy and Bergeron, 1991), (Ettinger et al., 1997). Thus, it is one of the few 

human organs, which does not show irreversible age related changes. Although it is a somatic 

organ, endometrium expresses telomerase activity, which may be the reason for its apparent 

age defiance (Hapangama et al., 2017).  

Changes in endometrium during menstrual cycle 

Proliferative phase: As ovarian follicular maturation takes place; proliferative phase refers to 

the changes in the endometrium corresponding to the increasing estrogen levels produced by 

the follicular cells the first 14 days of a typical 28 day menstrual cycle. After menstrual 

shedding, endometrium regenerates fully over day 4-7 of the cycle, with short, straight, and 

narrow glands and stroma that display mitotic activity. Glands then become elongated, curved, 

and coiled in the thickened late proliferative endometrium, where spiral arteries elongate to 

provide adequate blood flow  (Monis and Tetrokalashvili, 2021) .  

Secretory phase: The latter 14 days of the cycle is also known as luteal phase and is under the 

influence of both oestrogen and progesterone. In the secretory phase endometrium reaches its 

maturity, glands become more curled, the glands and arteries begin to entwine, and stroma 
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becomes oedematous. In the late secretory phase, with the demise of the corpus luteum, 

progesterone levels plummet, leading to menstrual shedding of the functionalis in absence of 

pregnancy (Jeanmonod et al., 2021).  

Steroidogenesis in women 

Steroid hormones are synthesised in organs such as ovary, adrenal cortex, brain and placenta, 

the number of hormones synthesised depends on the expression of enzymes specific of each 

organ for example ovaries do not contain 21 α-hydroxylase or 11 α-hydroxylase so are unable 

to produce glucocorticoids or mineralocorticoids (Holst et al., 2004). Sex steroid hormones can 

be divided into three groups: Progesterone (21 carbon atoms), androgens (19 carbon atoms) 

and oestrogens (18 carbon atoms). Steroid hormones synthesised from cholesterol, which is 

transported to mitochondria and converted to pregnenolone. Pregnenolone is released from 

mitochondria and can follow two pathways: first Δ5-hydroxy steroid pathway in adrenal glands 

which leads to synthesis of dehydroepiandrosterone (DHEA) and androstenediol. Second Δ4-

ketosteroid pathway in corpus luteum granulosa cells, which leads to synthesis of 17 α-

hydroxyprogesterone and androstenedione (Figure 1). Progesterone produced in adrenal glands 

is largely converted to glucocorticoids and androgens  (Cable JK, 2021), whereas progesterone 

produced in the ovaries is carried in blood to exert its effect. Oestrogen is synthesised in pre 

antral follicles, through effect on theca cells cholesterol is converted androstenedione which is 

further converted to oestrogens by Follicular Stimulating Hormone (FSH) and also by 

aromatase enzyme (Kobayashi et al., 1990). Dominant follicle luteinisation occurs due to 

Luteinising hormone (LH), LDL cholesterol reaching these cells is converted to progesterone 

by α-hydroxy dehydrogenase (Ravindranath et al., 1992).  

Endometrial changes in response to steroid hormones  

Endometrium is found to have enzymes capable of synthesising and metabolising steroids 

(Hausknecht et al., 1982). Steroid hormone action is mainly mediated by receptors; there is a 

single androgen receptor (AR), two oestrogen receptors (ERα and ERβ). AR are seen in 

functionalis during proliferative phase and in basalis all throughout the menstrual cycle. AR is 

downregulated in stromal cells in functionalis during secretory phase, upregulated in epithelial 

cells when progesterone levels decrease (Marshall et al., 2011). ERα is present in epithelial 

cells in glands and lumen during proliferative phase and is downregulated in secretory phase. 

Concentrations of oestrogens (E2) were higher in endometrial tissue than in circulation, and 

concentrations of E2 were increased in secretory phase compared to proliferative phase 
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(Huhtinen et al., 2014). The study also reported increased intra tissue levels of androgen 

precursor DHEA than in the serum, whereas androstenedione and testosterone were lower in 

endometrium compared to serum and these were not cycle phase dependent (Huhtinen et al., 

2014). The hormone receptors are activated by ligand binding, which exert effects involving 

steroid receptor, dimerising, translocating into the nucleus, binding to the hormone responsive 

element to initiate co-activators, co-repressors and chromatin remodelling factors (Kamal et 

al., 2016a) . It is also known that oestrogen induces all endometrial steroid receptor expression, 

via ERα whilst progesterone downregulates them via progesterone receptor (PR) (Kamal et al., 

2016a). Androgens induce their receptors via AR.   

17β-estradiol and estrones are main oestrogens which affect the endometrium and exert this via 

ERα and ERβ. ERα is thought to be essential for fertility and ERβ was mainly thought to be 

useful in preventing undesired ERα effects of oestrogen. Hapangama et al have reviewed the 

relevance of ERβ in endometrium and its role in pathological conditions of the endometrium 

(Hapangama et al., 2015) . They conclude that ERβ has an important role in homeostasis, cell 

turnover and regeneration in endometrium. ERβ is dynamically expressed in healthy 

premenopausal endometrium and also in post-menopausal atrophic endometrium (Hapangama 

et al., 2015).  

Endometrial cancer 

Background and Incidence 

EC is the 4th most common cancer in women and overall, most common gynaecological 

cancer. In the UK, lifetime risk of a woman developing EC is 1:36 (CRUK, 2016 - 2018). In a 

year, around 9000 new cases were diagnosed in the UK  (CRUK, 2016 - 2018). According to 

the Cancer research UK  statistics, this equates to a 65% increase in incidence of EC in the UK 

compared to the 1970s (CRUK, 2016 - 2018). The National Cancer Intelligence Network 

statistics highlight that incidence rates have increased by 43% since mid-nineties in UK (NCIN, 

2013a).  

Lindemann et al estimate the incidence of EC in Norway will increase further in the range of 

50-100 % by year 2025 (Lindemann et al., 2010). Based on the data available from 2016, cancer 

incidence and mortality are projected for 2035 in UK, such that in women uterine cancer will 

become the commonest cancer (Smittenaar et al., 2016). Along with increase in obesity, 

tamoxifen use, decline in hysterectomy rates for menorrhagia, and
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Figure 1. Diagramatic representation of steroidogenesis in women 
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longer survival in women, all contribute significantly towards this increasing incidence of EC.    

EC accounts for about 3% of all female deaths in the UK (CRUK, 2016-2018a). Furthermore, 

the mortality rates from this cancer have had an upward trend over the last 20 years, which is 

expected to continue in the future and project that uterine cancer will be 6th most common 

cause of cancer mortality in women in 2035 (Smittenaar et al., 2016).  

The 2009 Prospective Studies Collaboration reported association of obesity to causes of 

mortality, and they reported that relative risk of mortality in women with WHO class 3 obesity 

due to EC was 4.17 (Prospective Studies, 2009).  

Prevalence of obesity had increased since 1990s and is estimated that by 2050, 50% of women 

will be obese in the UK (Tackling obesities, 2007). In UK, about 50% of ECs are attributed to 

obesity (Reeves et al., 2007). In addition to obesity, metabolic abnormalities caused by diabetes 

and hypertension work synergistically with obesity to promote EC incidence (Wang et al., 

2020), (Crosbie et al., 2022).   

Surgery is the mainstay of treatment for early stage EC, and multicentre prospective audit of 

data for EC in the UK has shown considerable morbidity associated with surgery in these 

patients due to significant patient and surgical factors (Iyer et al., 2015). Previous studies reveal  

these patients have higher comorbidities related to being elderly or high body mass index 

(BMI) (Pierluigi Benedetti et al., 2014), (Everett et al., 2003). Some studies such as Lap2 study 

showed that obesity is an important barrier for laparoscopic procedures (Walker et al., 2009), 

(Walker et al., 2012) with significant challenges associated with management of obese patients 

ranging from ventilatory, anaesthetic issues to limitations in access by surgical instruments and 

visibility (Gunderson et al., 2014). The burden of caring for obese women is huge from health 

economics perspective. For example, they require extensive pre-operative investigations, 

prolonged surgical time, postoperative high dependency care, and specific equipment may also 

be needed to care for such patients on wards. Therefore, caring for obese patients with EC can 

also bring challenges which impacts on medical, nursing and psychosocial resources (RCOG, 

2021). 

All these aspects in EC make it challenging for clinicians to manage and treat patients 

appropriately, hence it becomes especially important to understand the pathogenesis of the 

condition to prevent its occurrence or diagnose at early stage.  
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Classification of EC 

 

There are many ways of classification of EC, and we are yet to reach universal agreement.  

 

1. Type 1 and Type 2 ECs 

 

Prior to 1980’s EC was considered to be a single type of malignancy. In 1983, Bokhman 

described two distinct types of EC, Type 1 and 2.  

The specific characteristics of both types are compared in the table below (Bokhman, 1983), 

(Felix et al., 2010) (Table 1.).     

 

 

 

 

 

Figure 2. 

Photograph of posterior aspect of a normal uterus with fallopian tubes and ovaries 

Courtesy: Hapangama lab, Department of Women’s and Children’s Health, Centre for 

Women’s Health Research, Institute of Life Course and Medical Sciences, University 

of Liverpool, UK.  
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Table 1. Main features and differences between type 1 and type 2 EC 

 

 Type 1 Type 2 

Histological type Endometrioid type – grade 1 

and 2 

 

Endometrioid grade 3 and 

Non Endometrioid (serous 

or clear cell histology) 

Associated with precancer Yes – endometrial 

intraepithelial neoplasia   

 

Atrophic endometrium leads 

to endometrial glandular 

dysplasia 

Incidence 80 – 90% of all ECs 10 – 20% of all ECs 

Aetiology Oestrogen dependent Non oestrogen dependent – 

P 53 mutations and 

chromosomal instability 

Age group Common in pre and 

perimenopausal women 

Mainly postmenopausal 

Molecular mechanisms Deletions in k-RAS, PTEN, 

or mismatch repair 

mechanisms 

Mutations or overexpression 

of HER2/Neu and P53, 

reduced E-cadherin 

expression, aneuploidy 

Mortality and prognosis Better than type 2 Worse than type 1 

 

2. International FIGO histology grading 

 

In 1988, International Federation of Gynaecology and Obstetrics (FIGO) revised grading 

recommendations of typical endometrial adenocarcinoma and following validation, was 

accepted as standard method of grading in 1995 (Zaino et al., 1995), (Scholten et al., 2004) 

(Table 2).  
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Table 2. FIGO Grading of EC 

Grade 1 non squamous or non-morular solid growth pattern of < 5% or less 

Grade 2 non squamous or non-morular solid growth pattern of 6 -50% 

Grade 3 non squamous or non-morular solid growth pattern of > 50% 

FIGO grading excludes serous or clear cell which are considered high grade. 

 

3. WHO Histopathological  (Fanning et al., 1989)  

EC is divided into various subtypes depending on cell type by World Health Organisation 

(WHO) (Table 3).  

 

Table 3. Histopathological types of EC 

 

Epithelial  Mesenchymal  Mixed epithelial and 

mesenchymal 

Other 

- Endometrioid 

adenocarcinoma  

- Serous 

endometrial 

intra-epithelial 

carcinoma 

- Serous 

adenocarcinoma 

- Mucinous 

adenocarcinoma 

- Clear cell 

adenocarcinoma 

- Neuroendocrine 

tumours 

- Mixed cell 

adenocarcinoma 

- Transitional cell 

carcinoma 

- Undifferentiated 

carcinoma 

- De-

differentiated 

carcinoma 

 

- Leiomyoma 

- Smooth muscle 

tumour of 

uncertain 

malignant 

potential 

- Leiomyosarcoma 

- Endometrial 

stromal sarcoma 

- Miscellaneous 

- Carcinosarcoma 

(malignant 

mullerian 

mixed tumour) 

- Adenomyoma 

- Adenosarcoma 

- Adenofibroma 

 

- Gestational 

trophoblastic 

disease 

- Neuroectodermal 

tumours 

- Adenomatoid 

tumours 

- Germ cell 

tumours 

- Lymphoid and 

myeloid tumours 

- Lymphomas 

- Myeloid 

neoplasms 

- Secondary 

tumours 
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4. Clinical risk classification 

According to European Society of Medical Oncologists (ESMO) guidelines FIGO 

classification are subgrouped into three risk groups (Colombo et al., 2013)  (Table 4). 

 

Table 4. ESMO clinical risk classification 

Risk classification Types 

Low risk Stage 1A (grade 1 and 2) with endometrioid type 

Intermediate risk Stage 1A grade 3 with endometrioid type 

Stage 1B (grade1 and 2) with endometrioid type 

High risk Stage 1B grade 3 with endometrioid type  

All stages with non-endometrioid type 

 

                            

5. Molecular classification 

Molecular classification is reproducible and can be linked with clinical outcomes (Salvesen et 

al., 2009), (Cancer Genome Atlas Research et al., 2013), (Levine, 2013).  

There are different ways of molecular characterisation of EC: The Cancer Genome Atlas 

(TCGA), Leiden, and Proactive Molecular Risk Classifier for Endometrial Cancer (ProMisE) 

molecular classification systems.  

TCGA classifies EC into four genomic subgroups (Kandoth et al., 2013), (Murali et al., 2014),  

(Piulats et al., 2017) (Table 5).  

 

Table 5. Molecular classification of EC 

 

Group Characteristics Outcomes 

POLE  

 

‘Ultra-mutated’, very high mutation rate 

Genes mutated: POLE (100%), PTEN 

(94%), FBXW7 (82%), PIK3CA (71%), 

Favourable even in high 

grade tumours 

PFS good 
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PIK3R1 (65%), ARID1A (76%), KRAS 

(53%) 

Mixed MSI (high, low, stable) 

Copy number aberrations low 

MSI 

(Microsatellite 

instability) 

‘hypermutated’, high mutation rate 

MSI high 

PTEN (88%), PIK3CA (54%) 

Copy number aberrations low 

PFS intermediate 

CN low 

(Copy number 

low) 

MSI stable 

PTEN (77%), CTNNB1 (52%), PIK3CA 

(53%) 

Low mutation rate 

Copy number aberrations low 

PFS intermediate 

CN high 

(Copy number 

high) 

Copy number aberrations high 

MSI stable 

Low mutation rate 

Genes mutated: TP53 (92%) 

PFS poor 

 

 (POLE-DNA polymerase epsilon gene, PTEN- Phosphatase And Tensin Homolog gene, FBXW7-F-

Box And WD Repeat Domain Containing 7 gene, PIK3CA- Phosphatidylinositol-4,5-Bisphosphate 3-

Kinase Catalytic Subunit Alpha gene, PIK3R1- Phosphoinositide-3-Kinase Regulatory Subunit 1 gene, 

ARID1A-AT-Rich Interaction Domain 1A gene, KRAS- Kirsten rat sarcoma virus gene, MSI-

Microsatellite instability, CN- copy number, CTNNB1-Catenin Beta 1 gene, TP53-Tumour protein P53, 

PFS-progression free survival)  

 

Staging of EC 

 

FIGO staging (2009) is the commonest system used worldwide.  

Another staging system in use is TNM staging (tumor (T), nodes (N), and metastases (M) 

staging system) (Amant et al., 2018) (Table 6). 

74 % women present in stage 1& 18 % women present in advanced stages (3/4) (Di Girolamo 

et al., 2018),  (Office for National Statistics, 2019).  
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Table 6. FIGO and TNM staging of EC 

 

 

 

Figure 3. Photograph of longitudinal section of uterus showing EC 

   

 

 

 

TNM FIGO Stage  Description 

T1a 1A Tumour confined to the uterus, no or < 50% 

myometrial invasion 

T1b 1B Tumour confined to the uterus, > 50% myometrial 

invasion  

T2 2 Tumour invades cervical stroma, not beyond uterus 

T3a 3A Tumour invades serosa or adnexa 

T3b 3B Tumour invades vagina and/or parametrial 

involvement  

 3C1 Pelvic node involvement  

 3C2 Para-aortic node involvement  

T4 4A Tumour invasion bladder and/or bowel mucosa 

 4B Distant metastases including abdominal metastases 

and/or inguinal lymph nodes 

Figure 3. 

Photograph of longitudinal 

section of uterus showing 

EC (shown by arrow 

marks) invading into the 

myometrium 

Courtesy: Pathology lab, 

RPH, Lancashire 

Teaching University 

Hospital NHS Trust, 

Preston.  
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Risk factors for EC 

 

1. Lifestyle factors:  

EC incidence is increasing in parallel with increasing rates of obesity in UK. Obesity causes a 

metabolic state where the body encounters hyperoestrogenism, inflammation and insulin 

resistance, which in turn leads to carcinogenesis.   

Meta-analysis in 2010 concluded that increased physical activity and decreased sedentary time 

were associated with decreased risk of EC (Moore et al., 2010). Inactive women who sat down 

for more than or equal to 9 hours per day have twice the risk of EC compared to women who 

sat for fewer than 3 hours (RR 2.14: 95% CI 1.48 – 3.10).    

Both former smokers and current smokers have reduced incidence of EC compared to non-

smokers which is explained by hormonal modulation affecting hormone producing organs like 

adrenal and ovary (Felix et al., 2014).   

 

2. Demographics:   
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EC is a disease of postmenopausal women. Age specific incidence rises from age 40–45, then 

peaks around 70-75 and subsequently drops. Nulliparous women are at higher risk of EC than 

multiparous women (nulliparous vs parous: HR, 1.42; 95% CI, 1.26-1.60) (Schonfeld et al., 

2013). Reduced exposure to oestrogen due to pregnancy and increased progesterone levels in 

pregnancy seem to be protective factors for multiparous women. A meta-analysis has shown 

that there is a 4% reduction in EC for every 2-year delay in menarchal age (RR 0.96, 95% CI 

0.94 – 0.98) (Gong et al., 2015). Late menopause is also associated with increased EC risk (Ali, 

2014).     

 

3. Effect of Medications (contraceptives, hormone replacement therapy 

(HRT), Tamoxifen):  

Use of hormonal contraception is described to be protective to the endometrium (Mueck et al., 

2010). The reduction of this risk is proportional to duration of use, every 5 years of use is 

associated with RR of 0.76 (Collaborative Group in Epidemiological Studies on Endometrial 

Cancer, 2015). This effect persists for about 30 years and it may be amplified as time progresses 

(Cook et al., 2014). The effect is not dependent on the types of hormones and their composition 

however women with higher BMI may need combined oral contraceptives (COC) with highly 

potent progestin (Maxwell et al., 2006). Levonorgestrel (LNG)- releasing intrauterine system 

is also associated with reduction in EC, which is more prominent with prolonged use up to 10 

years (Soini et al., 2014).   

HRT is commonly used by peri and postmenopausal women for management of menopausal 

symptoms. In a cohort study (Mørch et al., 2016), amongst different types of HRT, Relative 

risk (RR) of EC with use of oestrogen only products is 2.70 (CI 2.41 – 3.02), whereas the RR 

with oestrogen and progestin is 1.71 (CI 1.58 – 1.86). Tibolone has a higher RR of 3.56 (CI 

2.94 – 4.32) compared to other HRT, which suggests that the progestinic effect of tibolone is 

weaker compared to continuous combined therapy. In the same study, it was observed that long 

cyclical combined HRT had a higher RR of 2.89 compared to RR of 2.06 and 1.02 associated 

with use of cyclic combined and continuous combined respectively. The vaginal and 

transdermal preparations which are thought to have less systemic side effects also carry a  risk 

of EC (RR of transdermal Oestrogen is 2.77 (2.12 – 3.62) and risk for vaginal Oestrogen 

preparations is 1.96(1.77 -2.17)). However, the risk of developing type 2 ECs appears to be 

decreased with continuous combined therapy (0.20 – 1.01) and Oestrogen therapy (0.85 – 2.41) 

but the results did not reach statistical significance  (Mørch et al., 2016).  
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Tamoxifen is a selective oestrogen receptor modulator (SERM) and used to reduce the risk of 

breast cancer recurrence and also to reduce the risk of breast cancer in high risk women. 

Tamoxifen is a non-steroidal anti oestrogen agent. Though it has anti oestrogenic effect on 

breast tissue, it has a moderate oestrogenic effect on endometrium, hence in standard doses it 

causes endometrial proliferation and leads to hyperplasia, polyp formation and invasive cancer. 

Some studies have demonstrated a two to three fold higher RR of EC in women using tamoxifen 

when compared to age matched population and this increase is dose and time dependent 

(Sismondi et al., 1994), (Bissett et al., 1994), (Fisher et al., 1994). A systematic review of the 

effect of tamoxifen on EC shows that in women younger than 50 years, there is no increase in 

EC risk (RR 1.19, CI 0.53 – 2.65), whereas when commenced in women above 50 years of age, 

the risk is significantly higher (RR 3.32, CI 1.95 – 5.67) (Iqbal et al., 2012). According to this 

review, effects of tamoxifen on endometrium is related to circulatory plasma oestradiol. Post 

menopausal women are at more risk of hyperplasia of endometrium with tamoxifen. Women 

with persistent ovarian function are at less risk of developing endometrial thickening as 

tamoxifen, being a selective oestrogen receptor modulator, has an anti oestrogenic effect on 

endometrium in presence of high oestradiol concentrations (Iqbal et al., 2012).   

 

4. Medical disorders: 

Women with polycystic ovary syndrome (PCOS) have a three to four fold increase in incidence 

of EC, hence their lifetime risk is 9% compared to 3% in the general population (Fearnley et 

al., 2010), (Haoula et al., 2012), (Gottschau et al., 2015). The endometrium in these women 

remains in a proliferative state, which is oestrogen mediated due to chronic anovulation (Shao 

et al., 2014). Hyperandrogenism and peripheral aromatisation of androgens which occurs in 

adipose tissue and high BMI are all important features of PCOS leading to unopposed 

oestrogen effect on the endometrium.    

Patients with type 2 diabetes are at 62% increased risk of EC, independent of obesity, three 

main biological pathways are described in different studies such as insulin resistance, hormonal 

imbalance and systemic inflammation which lead to EC development (Saed et al., 2019), 

(Shikata et al., 2013), (Njoku et al., 2022a). Women with Parkinson’s disease are at 17% higher 

risk of developing EC than the general population, though the associated pathogenesis is not 

well understood currently (Ong et al., 2014). 

 

5. Genetics: 



38 
 

Lynch syndrome is an inherited syndrome which is associated with a high risk of colorectal, 

endometrial, ovarian and urinary tract cancers (Watson et al., 2008), (Crosbie et al., 2022). 

Lifetime risk of EC in women with Lynch syndrome is about 60% (Dunlop et al., 1997), (Bats 

et al., 2017), (Ryan et al., 2020). This condition is associated with mutation of mismatch repair 

gene, involved in DNA mismatch repair (Aarnio et al., 1999) . Defects in mismatch repair genes 

hMLH1, hMSH2, hMSH6, hPMS cause nucleotide repeat variants throughout genome, called 

microsatellite instability and is hallmark of mismatch repair defects (Meyer, 2009). Hereditary 

EC in these patients are sentinel cancers, occur in younger women with low BMI, when 

compared with sporadic tumours (Meyer, 2009). Women with Lynch syndrome who have EC 

can also have synchronous ovarian cancer (Soliman et al., 2005).    

Diagnosis of EC 

In postmenopausal women, transvaginal ultrasound is used to detect increased endometrial 

thickness, with a usual threshold of 5 mm thickness for subsequent endometrial biopsy. In pre 

menopausal women, endometrial thickness is less specific, as it varies with the menstrual cycle. 

Outpatient hysteroscopy is the gold standard method when sampling a suspicious lesion of 

endometrium is indicated . The definite diagnosis is made with histological examination of 

endometrial sample, which required an invasive procedure. Blind endometrial biopsy can be 

performed but is associated with 11% chance of failure to detect a cancer due to inadequate 

sampling and cervical stenosis (van Hanegem et al., 2016). There is ongoing research into other 

minimally invasive biomarker detection methods, which could detect tumour cells or different 

proteins in venous blood, uterine lavage, cervico vaginal fluid and urine (Crosbie et al., 2022).  

Prognosis of EC 

The Cancer Genome Atlas (TCGA) classification subdivided EC into molecular subgroups. 

Two other models, TransPORTEC and ProMisE, which are not identical to TCGA 

classification but analogous have been described (Stelloo et al., 2015), (Talhouk et al., 2017). 

They use formalin fixed paraffin embedded tumour samples rather than fresh frozen tumour 

samples, therefore have increased clinical applications. These models, can be applied to 

endometrial biopsy samples, with high interlab concordance rates and, consistent prognostic 

values (Njoku et al., 2022b), (Stelloo et al., 2014), (DeLair et al., 2017), (Bosse et al., 2018), 

(Brett et al., 2021).  

The TransPORTEC model, divides EC into four molecular subgroups, P53 mutant, MSI high, 

POLE-mutant, No specific molecular profile (NSMP) (Njoku et al., 2022b) (Table 7). Both 
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P53 mutant and NSMP groups are associated with high rate of distant metastases and low 5 yr 

recurrence free survival when compared to POLE mutant and MSI high groups. Similarly, 

ProMisE model classifies EC patients into MMR-deficient, POLE mutant, P53 mutant, P53 

wild type groups. P53 mutant group have worst prognosis with 3-5 fold increased mortality 

than P53 wild type group. MMR-deficient group have 1.5-2 fold increased mortality compared 

to P53 wild type group. Best prognosis is seen in women in POLE mutant group.  

These molecular subgroups have prognostic and therapeutic implications, P53 mutant cancers 

are aggressive, will require aggressive / complete surgical treatment and require adjuvant 

treatment. For patients with P53 wild type, surgical treatment alone may be sufficient treatment 

as these tumours have low metastatic potential. Those with POLE mutant tumours have a good 

prognosis and adjuvant treatment may not be required for these patients. MMR-deficient group 

may have different immunotherapy options as they are highly immunogenic (Marabelle et al., 

2020). For women who are considering fertility sparing treatment options, molecular subgroup 

classification may help us guide treatment decisions (Njoku et al., 2022b).  

Management of EC 

Staging investigations 

Pre-treatment evaluation includes clinical/gynaecological examination, and blood tests such as 

full blood count, renal function, liver function profile (Colombo et al., 2016). Magnetic 

resonance imaging (MRI) scan has been proposed to be the best tool to assess cervical 

involvement and myometrial invasion (Cade et al., 2010),  (Colombo et al., 2013). Computed 

tomography (CT) scan is indicated when distant metastases need to be excluded (Haldorsen 

and Salvesen, 2016), (Colombo et al., 2016).  
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Factors associated with high risk of recurrence 

Patients with extensive lymphovascular space invasion (LVSI) have worse prognosis (Bosse et 

al., 2015), (Winer et al., 2015). Cancers with histological subtype grade 3 and deep myometrial 

invasion >/=50% have higher percentage of lymph node metastases hence are at increased risk 

of recurrence (Colombo et al., 2016). Patients with lymph node metastases, tumour diameter 

>2 cms usually have advanced stage disease, therefore increased risk of recurrence (Colombo 

et al., 2016).  

 

Treatment   

Minimal access surgical techniques are currently accepted gold standard surgery, and total 

hysterectomy, bilateral salpingo-oophorectomy, with or without lymphadenectomy is the 

operation of choice. The LACE trial compared total laparoscopic hysterectomy and total 

abdominal hysterectomy for patients with stage 1 EC and showed disease free and overall 

survival and recurrence in both groups to be comparable (Janda et al., 2017). Surgical treatment 

is associated with complications such as conversion to open operation, venous 

thromboembolism, organ injury, hernia, lymphoedema, infection, dehiscence and these risks 

Table 7. ESGO-ESP-ESTRO prognostic risk groups "Reprinted from Lancet. 2022 Apr 9, 

399(10333), Crosbie EJ, Kitson SJ, McAlpine JN, Mukhopadhyay A, Powell ME, Singh 

N., Endometrial cancer, 1412-1428, Copyright (2023), with permission from Elsevier "  
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are higher in women with comorbidities and obesity. The role of systematic pelvic 

lymphadenectomy is an issue subject to ongoing debate. Numerous studies including a large 

Italian study and ASTEC trial, showed that in early stage EC, performing systematic 

lymphadenectomy is not associated with any additional benefit for overall survival or 

recurrence free survival (Benedetti Panici et al., 2008),  (Kitchener et al., 2009). In 2010, 

SEPAL study suggested that high risk patients benefit from aggressive surgery (Todo et al., 

2010). In FIRES study, sentinel lymph nodes in EC detected using indocyanine green (ICG) 

dye technique found it to be 97.2 % sensitive with false negative rate of 3% (Rossi et al., 2017). 

Adjuvant treatment in EC (Colombo et al., 2016) 

In low risk EC, no adjuvant treatment is recommended as risk of recurrence with surgery alone 

is only 5% in these patients (Sorbe et al., 2009). In patients with intermediate risk EC, external 

beam radiotherapy (EBRT) reduced the risk of pelvic recurrence threefold (14% to 4%), but 

with no benefit in overall survival. However, this was associated with risk of gastrointestinal 

toxicity (Kong et al., 2012). Adjuvant brachytherapy is recommended to decrease vaginal 

recurrence. For younger patients, no adjuvant therapy is an option. For patients with high risk 

EC, when surgical node staging is negative, adjuvant brachytherapy to decrease vaginal 

recurrence or no adjuvant therapy is an option. When surgical nodal staging has not been 

performed, depending on LVSI, either brachytherapy or external beam radiotherapy (EBRT) to 

the pelvis is recommended to decrease locoregional recurrence.  

Stage 2 EC is managed by surgery and adjuvant radiotherapy (limited field EBRT and 

brachytherapy boost +/- chemotherapy). Patients diagnosed with Stage 3 EC are often treated 

with EBRT +/- chemotherapy. For patients with advanced or recurrent disease, surgery can be 

considered if optimal cytoreduction can be achieved. Hormonal therapy is indicated in patients 

with advanced or recurrent EC, response rates are variable and dependent on hormone receptor 

status. Progestogens (medroxyprogesterone, MPA 200 mg or MA 160 mg) are generally 

recommended. Other hormone preparations such as letrozole, anastrozole and fulvestrant can 

be used (Ma et al., 2004), (Kokka et al., 2010).  

Key current challenges and future needs in management of EC 

Approximately 10% patients with EC have lymph node metastasis. The presence of pelvic or 

paraaortic lymph node metastases is an important prognostic factor as associated with poorer 

outcomes (Reijnen et al., 2020). Routine lymphadenectomy is associated with significant 

morbidity, hence introduction of sentinel lymph node identification is a less invasive alternative 

strategy with reduced morbidity. Performing lymph node excision is challenging in obese or 
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frail patients. Therefore, use of preop risk stratification models to identify those patients at risk 

of lymph node metastases, can reduce over- or undertreatment. One such model, ENDORISK 

Bayesian network model, has been developed and validated and it identifies 55% of patients 

who are at extremely low risk of lymph node metastasis, in whom lymphadenectomy can be 

omitted. In future, use of such models together with newer molecular markers or biomarkers, 

could aid individualising clinical decision making in gynaecological oncology (Reijnen et al., 

2020).   

Risk stratification in EC based on histology and stage remains problematic. In spite of early 

diagnosis and treatment, 13-17 % women are prone to recurrence of EC which usually occurs 

within three years of diagnosis (Hutt et al., 2019). The majority of recurrences occur in the low 

risk category of EC as they have not received adjuvant treatment. Almost 50% of these women 

develop distant recurrence which leads to poor prognosis (Brennan et al., 2015). Even though 

we diagnose majority of EC cases at early stage, it is difficult to identify which of these patients 

will recur hence focus effective individualised adjuvant therapies towards them and avoid over 

treatment in patients who will not recur and so important to avoid exposing them to short and 

long term toxicity of adjuvant therapy (Brooks et al., 2019). 

High risk EC patients may require multimodal treatment involving both extensive surgery, 

radiotherapy and chemotherapy. Comorbidities in EC patients, particularly obesity, makes their 

management more difficult. They face higher morbidity and mortality. The five year net 

survival is 92% at stage 1 disease, which is drastically reduced to 15% for those with stage 4 

disease (CRUK, 2016-2018b).  

Molecular classification of EC will allow risk stratification and tailoring of adjuvant treatment 

decisions based on the individual patient risk scores (Stubert and Gerber, 2016), (Talhouk et 

al., 2017).  

Currently, there are molecular markers which classify EC into risk groups which aid in 

prognosis but no single biomarker which can aid in diagnosis. Molecular biomarkers are only 

available in tissues after invasive procedures. We need to study the endometrial carcinogenesis 

tumour microenvironment to discover new diagnostic, therapeutic and prognostic markers 

which will guide and supplement the genomic classifications to decide the best individualised 

cancer treatment plan for EC patients.  

Emergence of biospecimens as crucial elements for translational research  
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History of biospecimen based research started with most biospecimens being procured from 

corpses thus from the mortuaries. In the 20th century, with the establishment of histological 

diagnostics in clinical medicine and advent of methods such as paraffin tissue embedding 

biospecimens were acquired from living donors or surplus material from pathology 

departments. The current practice of organised biorepositories storing biosamples taken from 

live donors was only initiated in the 21st century (Sarin, 2006). Human biospecimens are 

critical substrates for biomedical research, hence efforts must be made for appropriate 

collection, storage and regulated use of these biosamples for research  (Hojat et al., 2019). 

Precision and personalised medicine is often based on molecular tests that guide the 

management of patient. This obviously requires high levels of test-accuracy therefore, optimal 

handling of the biospecimens is vital to link the data generated from them to the patients and 

their pathology. Accurate, reproducible biomarkers of sufficient quality that can be utilised in 

clinical practice, requires high quality biosamples procurement, storage and analysis. 

Estimations suggest that 60-70% of laboratory errors are due to pre analytical factors, such as 

mishandling during collection, transport, processing and storage of specimens (Lippi et al., 

2006), (Lippi et al., 2011), (Carraro et al., 2012), (Lippi et al., 2019). If pre analytical variables 

that can affect the biospecimens are uncontrolled or undocumented and as a consequence, 

specimens with unknown or unacceptable quality are included in a research study, that can 

obviously make the  results unreliable and potentially erroneous (Compton et al., 2019).  

The regulations based on Human Tissue Act 2004 are applicable to issues of consent, ethical 

review, and licensing for human tissue samples. Research with human biological materials 

should have an independent ethical review carried out by a research ethics committee within 

an academic institute (e.g., university) or within the health service (e.g., the NHS). According 

to the UK tissue legislation, consent is an integral part for use of human biological material in 

research (MRC, 2019). Appropriate and comprehensive information must be provided to the 

patient donors, supporting them on their voluntary decision to donate biosamples for research 

without any undue coercion or pressure. In addition to this, patients have a right to withdraw 

from research anytime without that affecting their standard healthcare. Information provided 

must include information on the process of sample collection, any associated risks, what the 

samples will be used for and how the results may impact on the patient care in the future. 

Written information in the form of patient information sheets and consent forms should be 

based on guidance produced by Health Research Authority (HRA) and Medical Research 

Council (MRC, 2019). Sample collection is a team effort, involving patients, clinicians, 

researchers, and biobank staff. For a biospecimen to contribute to a biomarker discovery, proper 
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collection and storage is obviously crucial. Thus, it is important to co-ordinate work between 

all members of the research team, who can access the best practice guidelines in all steps of the 

biospecimen journey from obtaining the patient’s consent for donation of the biospecimen till 

the analysis. Hence it is a general standard agreed by all peer-reviewed, reputed scientific 

publishers to report on the robustness of this process during publications, for example, of 

expression of different genes and downstream targets. It is therefore essentially a responsibility 

of all cancer researchers to collect samples after eliminating variations by following the best 

practice guidance available, or in the absence of such guidance, to actively produce them.     

 

Quality of Biospecimen as a cause of bias in translational research  

Research for biomarkers can be influenced by variations in results for gene expression due to 

variation in quality, consistency of standards of biospecimen handling (Moore et al., 2009), 

(Moore et al., 2011a). National Cancer Institute (NCI) has acknowledged that lack of 

uniformity in quality standards in handling of biospecimens is a roadblock for cancer research. 

As a result, efforts for standardising the data and the quality of specimens are recognised as an 

urgent need for future research (Morente et al., 2007), (Yuille et al., 2008), (Vaught and 

Lockhart, 2012). 

1. Factors which influence the usefulness of a biospecimens  

Ransohoff and Gourlay (2010) reported that biases introduced prior to the analytical phase of 

the biospecimens may or may not be recognised. They also recognised that bias can be 

introduced in the laboratory during sample processing and may not be related to pathogenesis 

of the disease (Ransohoff and Gourlay, 2010). Their work concluded that biggest flaw in the 

biomarker discovery is the disparity of specimen groups compared. Lippi et al also found that 

60-70% of all preanalytical errors were due to variations in collection and processing of 

samples (Lippi et al., 2016). Biospecimen handling, may have an obvious effect on the integrity 

of biospecimens and on downstream analyses (Ellervik and Vaught, 2015) and invalid 

proteomic analyses and subsequent HER2 clinical assay without controlling the preanalytical 

variables, is an example of how the use of poor quality biospecimen can be detrimental (Portier 

et al., 2013). 
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Life cycle of Biospecimens 

 

 Figure 5. 

Diagram of life cycle of biospecimens reproduced from article ‘Adishesh, M.; Hapangama, D.K. 

Enriching Personalized Endometrial Cancer Research with the Harmonization of Biobanking 

Standards. Cancers 2019, 11, 1734.’ 
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2. Biobanking standards used for collection, processing, and storage 

Biobanks have an important role to play in both formulating and adhering to stringent, explicit 

standards in the sample collection, processing, and handling of samples. Unfortunately, 

between biobanks, there are wide variations in biobanking practices, such as the type of 

samples collected, sample quality, demographic data collected, ethical approval process, 

consenting patients, sample processing and storage techniques. These can be ameliorated by 

implementing standard operating procedures that can be regulated and standardised by 

multidisciplinary teams, including scientists and by conducting research themselves to 

accurately predict the integrity and quality of the biospecimens (Betsou et al., 2009), (Betsou 

et al., 2010), (Moore, 2012).  

 

3. Factors affecting the analysis and results 

The quality of a sample on the results obtained from it may depend on the type of molecule 

analysed, analytical method, the specificity, sensitivity, robustness of the method and 

controlling the pre-analytical variables. Therefore, the researchers need to have a good 

knowledge of these issues pertinent to their research. Controlling pre-analytical variability is, 

however, challenging and complex. However, as the quality of data obtained from the sample 

is directly dependent on variables, it is important to consider using the most appropriate 

samples and the most robust biomolecule analytical method to obtain useful data, to avoid 

potentially wasting a lot of time and resources. Pre analytical characterisation, employing 

multiple techniques to confirm the final data obtained, examining different specimens from the 

same patient, use of large number of samples from different sources are ways to reduce the 

biases in the studies. Application of quality management strategies in biobanks and 

standardising the best practice guidance followed will minimise variations affecting the 

integrity of the biosamples.  
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International efforts to minimise the pre analytical variables  

Some national and international efforts have been drafted to reduce the pre analytical variables, 

one of them, is the Standard PRE analytical Code (SPREC), which is a seven item code 

developed by International Society for Biological and Environmental Repositories 

Biospecimen Science Working Group. These include information about type, collection, 

handling, storage of the biospecimens, which can be integrated into the current quality 

management systems used by biobanks (Lehmann et al., 2012). Each sample can be assigned 

a code, based on its pre analytical characterisation, which further helps to standardise the 

quality of samples to be used. On the other hand, NCI had developed standard operating 

procedures (SOPs) for collection, processing, handling, storage of the biospecimens for 

biomarker discovery and validation (NCI, 2016). Similar guidelines also are laid out by the 

Biospecimen Reporting for Improved Study Quality (BRISQ), which aims to register all human 

samples data including the integrity, quality, molecular composition (Moore et al., 2011b). To 

reduce the inequalities and to standardise the procedures for all biobanks in their network, 

Spanish biobank Network Biospecimen Working Group conducted an extensive literature 

review of analytical techniques for samples from colon, breast, kidney, lung, ovary, brain 

tissues and drafted a proposal for quality assessment of tissues based on type of preservation 

method and biomolecule on interest (Esteva-Socias et al., 2019). Similarly, The College of 

Figure 6. Diagram of implications of the quality of biospecimens on cancer research. The red 

arrow depicts the negative outcomes of low quality biospecimens. The green arrow depicts the 

positive outcomes of high quality biospecimens. 
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American Pathologists has published guidelines for breast cancer biobanks to standardise and 

optimise tissue collection, processing, handling, and testing (Hammond et al., 2010). 

 

Which analytical techniques are affected by the variability in the 

biospecimens?   

Tissues with same pathological condition can have different morphological and molecular 

changes in them and this can have a huge impact of the utility of the tissue samples collected 

for research (Grizzle et al., 2015). These in addition to the variables introduced due to handling 

of the biospecimens can adversely affect the downstream applications (Ellervik and Vaught, 

2015).   

Pre analytical variables may be extremely specific to the type of tissue collected, analytical 

platform used, gene, transcript, protein affected (Agrawal et al., 2018). The variables also are 

dependent on the molecules/pathways which are investigated, for example, different proteins 

may get affected by different storage conditions / processing to a different degree (Agrawal et 

al., 2018). Hence it is important to identify and validate any biomarkers from different tissues. 

A simple example of such a situation is the assessment of oestrogen receptor (ER) and 

progesterone receptor (PR) expression status in breast tumours, which is determined by 

immunohistochemistry (IHC), and this guides clinicians to provide patients the appropriate 

treatments. Pathologists in US estimated about 20% of IHC analyses worldwide may be 

inaccurate and this was partly due to the preanalytical variables (Hammond et al., 2010). 

Alarmingly, such inaccuracies will result not only in inappropriate treatment but also inaccurate 

assessment of efficacy of treatment. The pre analytical variables are not just limited to one 

method, but they can also affect other novel techniques such as next generation sequencing 

(NGS), where for example, the number of nucleotide variants identified can vary due to delay 

in fixation, pH of solution etc (Kim et al., 2017). Even the assessment of MSI signals which 

hold the key in mismatch repair deficient tumours can be affected by tissue preservation 

methods (Moelans et al., 2011). Agarwal et al have reviewed the factors associated with 

Formalin fixed paraffin embedded (FFPE) processing and their effect on molecular and 

proteomic analyses, wherein they also noted that the acceptable duration of cold ischaemia will 

depend on protein or phosphoprotein of interest and on the characteristics of the biospecimen 

used (for example type of tissue or tumour, size and method of collection) (Agrawal et al., 

2018). Detection of KRAS mutation was influenced by the method of tissue acquisition, for 

example, fine needle aspiration (FNA) missed many whilst the core needle biopsy was more 
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accurate, as the tumour content in FNA maybe insufficient (Schneider et al., 2015). Success 

rates for polymerase chain reaction (PCR) were higher in specimens of 3-10 mm size when 

compared with smaller samples (Neubauer et al., 1992). Preanalytical variables related to 

clinical medicine may also lead to problems using biospecimens to detect biomarkers, where 

they can also be related to the preservation methods. For example, the choice of anticoagulant 

used in collection bottles can lead to increased levels of different markers (Varo et al., 2006), 

(Azimi-Nezhad et al., 2012), thus, the collection methods must be optimised and validated for 

a particular marker of interest. Storage of samples and freeze thaw cycling of tissues can vary 

markers like vascular endothelial growth factor (VEGF), interleukins, tumour necrosis factor 

alpha (TNFA) as they are sensitive to the thawing process (Lee et al., 2015a), (Agrawal et al., 

2018). Duration of storage may impact the stability of the RNA, whereas the plasma stored can 

be stable for up to 19 months, and longer storage than that can lead to increase in cholesterol, 

and other chemical changes in the plasma (Pinto et al., 2014), (Glinge et al., 2017), (Pinto et 

al., 2014).   

Types of Pre analytical variables 

The preanalytical factors of importance can occur pre or post acquisition of samples and out of 

these, it is possibly easier and more feasible to control those pertaining to the biospecimen after 

its acquisition whilst accurate recording of the pre-acquisition variables would be more 

practical.    

Pre analytical variables can be divided into groups based on the cause (Otali et al., 2019):                     

1) Inappropriate requests:  When the clinical care and research both need the same tissue, 

clinical care takes priority especially in small tumours (Otali et al., 2019) . There needs 

to be good communication between the researcher and the clinician or pathologist 

collecting the sample, and the biobank. Some requests from the researcher may be too 

vague, uninformative, or difficult to understand and with limited availability of tissues 

will then result in improper utilisation of valuable specimens. Requests should match 

the experimental design and appropriate biospecimens should be collected or effort 

should be made to obtain them after discussing with the whole team.  

2) Biospecimen sources:  Tissues obtained from living donors and from autopsies or 

deceased donors, can be used for research and have been used in RNA based studies, 

reverse transcription polymerase chain reaction (RT-PCR) analysis (van der Linden et 

al., 2014). Patients who experience shock, vascular ischaemia, also have ischaemic or 

autolytic tissues hence such tissue is usually not suitable for molecular studies. The 
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available information from a deceased donor maybe limited and the time frame from 

death, causes preceding death and tissue collection may vary widely. Considering these 

variables, tissues from living patient donors is preferred for gene expression studies.  

3) Pathological characteristics of the Biospecimen: Morphology and molecular 

characteristics of a disease vary in different patients. Collected tissues may not 

represent the perceived pathology for which they were collected. Biospecimens 

collected from cancer patients presumed as cancer may contain only fibrotic or benign 

lesions and may even contain adjacent normal areas of tissue to the cancer, hence 

quality control (QC) by an experienced pathologist will be required to evaluate the 

collected tissue (Grizzle et al., 2015), (Grizzle et al., 2018). Such QC may identify 

specific biospecimens whose molecular features may vary from that of the known 

malignant cells, and this may also identify changes associated with neoadjuvant 

therapy.  

4) Patient related factors: These factors are not controllable. Comorbidities such as 

diabetes, cardiovascular, infections and the treatment used for those have an influence 

on the usefulness of biospecimens. Accurate documentation of these will allow 

accounting for these in studies. 

5) Pre surgical variables: During and after the diagnosis of a condition, exposure to 

different treatments such as chemotherapy, hormonal therapy or radiotherapy may 

affect the tissues prior to surgery. Exact effects of tissues exposed to such treatments is 

unknown, but that may cause a lot of cellular or molecular changes therefore need to 

be considered (Otali et al., 2019).   

6) Surgical variables: Fasting prior to surgery may cause tissues to be dehydrated and  

exposed to stress. Exposure to anaesthetic agents, medications, intravenous fluids may 

have an influence on the stability of biomarkers in the tissues. Interruption of vascular 

supply to tissues, leads to warm ischaemia, which cannot easily be controlled. 

Intraoperative use of cautery may cause wider thermal molecular damage to the tissues 

than a cold knife. After the specimen is removed from the body period of cold ischaemia 

begins, this can to a certain extent be controlled. Cold and warm ischaemia and their 

effect on tissues are further discussed in detail later in this chapter. 

Some studies have observed the effect of general anaesthetic drugs on blood, serum 

biomarkers and some anaesthetic drugs influence the tumour biology and thus alter the 

biomarkers (Braz et al., 2012), (Lennon et al., 2012), (Cruz et al., 2017). Administration 
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of propofol can affect the cellular viability and apoptosis of circulating CD4 

lymphocytes (Braz et al., 2012) . Similarly, opioid therapy can activate the M opioid 

receptor expression in cancer cells. This may lead to Akt, mTor activation, hence 

influence the important relevant biomarkers (Lennon et al., 2012). Other anaesthetic 

drugs such as ketamine, benzodiazepine can also affect the immunosuppression and 

have immune modulatory effect (Cruz et al., 2017). 

7) Biospecimen collection variables: Variables at collection mainly depend on resources 

as to when and where the personnel are able to collect the samples. Variations in 

specimen collection and storage temperature are detrimental to analysis, thus, it is 

recommended that biospecimens be maintained at a low temp 4° C during collection, 

transport, and processing to reduce the effect of cold ischaemia (Otali et al., 2019). Use 

of optimal temperature is critical for a collected sample as it prevents degradation of 

the useful content of the sample and preserves the integrity of the sample (Otali et al., 

2019). Cryopreservation collection affects the viability and metabolic function of the 

cells on thawing (Mager et al., 2007). The success of truthful downstream analysis 

depends on cryopreservation and thawing procedure (Morente et al., 2006).  

8) Processing variables: Sample processing includes aliquoting tissues into smaller 

biospecimens, labelling them, entering into databases, and storage. Samples for QC 

should be obtained during processing and simultaneous confirmation of the 

pathological diagnosis increases efficiency of the system. Factors such as type of 

fixative, time in fixative, centrifugation temperature, storage temperature, if dissimilar 

can affect the tissue molecular morphology (Atkins et al., 2004), (Ergin et al., 2010). 

Formalin fixation and paraffin embedding of the tissue is one of the commonest and 

inexpensive method of storing tissues, but these processes have to be optimised and 

standardised for the tissue to preserve the morphology and molecular integrity. It is 

recommended that using 10% neutral buffered formalin (NBF) is used to optimally 

preserve the tissue, but different molecules may need different buffers and fixatives 

(Atkins et al., 2004). The Paxgene tissue system is another formalin free system, which 

allows to preserve histology, proteins, antigenicity, and integrity of nucleic acids (Ergin 

et al., 2010). Moreover, prolonged fixation in Paxgene does not negatively affect the 

expression of analytes.   
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Figure 7. Diagram of types of pre analytical variables with examples 
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9) Storage of biospecimens: Storage of specimens depends on the biospecimen type 

whether it is solid or liquid. Most frozen biospecimens are stored in freezers at -80°C 

to -130°C (Otali et al., 2019). Long term storage at -20°C results in changes to the 

molecular composition of tissues after 5-8 months, whereas liquid samples may develop 

changes in -80°C after 1-2 years (Atherton et al., 2016) . When tissues are stored more 

than 10 years at -80°C whether in freezer or liquid nitrogen, RNA integrity number 

(RIN) was low in both methods (Auer et al., 2014), therefore will affect gene expression 

studies.  

Long term storage of FFPE blocks may serve to preserve tissue morphology but may 

not preserve complex molecular analytes. Several studies have reported loss of protein 

expression in tissue sections stored for an extended period of time due to oxidation, 

denaturation, further degradative modification of tissue biomarkers (Blind et al., 2008). 

Therefore, the duration of tissue in storage should be considered when using archived 

samples. 

Collection of biospecimens vital for research 

As biospecimens are vital for biomarker discovery, attention must be paid to tissue 

manipulation, both pre and post collection to preserve gene expression and downstream 

molecular targets. Immediately after the blood supply to an organ is cut off, the tissues become 

ischaemic and cells are then under stress, which may affect the molecular composition of these 

cells and thus the downstream analysis. Considering this, I aimed to review different methods 

that can be used to harvest human endometrial tissue for research.           

Methods of Endometrial tissue collection for research  

Many methods are described in the literature that can be used to collect human endometrial 

tissue for research. The main methods include the use of metal or suction (e.g., pipelle sampler) 

curettage, endometrial cytology, uterine fluid aspirate from an intact uterus whilst a full 

thickness endometrial wedge biopsy can be obtained from a hysterectomy specimen (Figure 

8).  

Biopsy by curettage  

This is the most widely used, gold standard method for collecting an endometrial biopsy and 

was first described by Recaimer in 1843. The disadvantages of a blind curettage are that there 

is a 50% possibility of not successfully obtaining an endometrial sample suitable for 

histological diagnosis (Stock and Kanbour, 1975), (Al-Talib et al., 2010). As this is an invasive 
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procedure, associated with the need for cervical dilatation, hence causing significant 

discomfort, it is not suitable as an outpatient procedure, therefore will need an anaesthetic 

(Figure 8). This makes it to be an expensive and risky procedure, with complications such as 

perforation, and cervical trauma (Clark et al., 2002), (Clark and Gupta, 2002).    

 

 

Pipelle Endometrial Biopsy  

Pipelle biopsy is a suction aspiration method for endometrial sampling developed more 

recently to be a cheap, cost effective, less invasive procedure that can be used in outpatient 

setting (Figure 8) (Brand A, 2000),  (Vigod and Stewart, 2002), (Abdelazim et al., 2013). The 

thin plastic tube is inserted into the uterine cavity and the plunger is withdrawn to generate 

vacuum in the tube which pulls the endometrial tissue into the tube. The plastic tube is removed 

together with the plunger and biopsy is obtained. Efficacy of collecting tissue is similar to 

dilatation & curettage, but there are still concerns of adequacy particularly of not able to sample 

adequate tissue in post-menopausal women and also sampling focal intrauterine lesions. 

Previous studies have reported that 15-22% of pipelle biopsies will have insufficient tissue to 

make a histological diagnosis (Brand A, 2000), (Clark et al., 2002).    

Endometrial cytology  

Figure 8. 

Photograph of sharp curette(A), blunt 

curette (B) and pipelle endometrial 

sampler (C) used to obtain endometrial 

biopsies. 

 

Courtesy: Gynaecology theatre suite, 

Royal Preston Hospital (RPH), 

Lancashire teaching hospitals NHS Trust, 

Preston.  

A B C 
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Use of traditional cervical smear technique was not an efficient technique in identifying 

endometrial cells to diagnose endometrial pathology. This was due to excess blood, cellular 

inflammatory infiltrate, and scanty cellularity. Adoption of liquid based cytology has helped in 

making not only cervical smears easier, but also this method is better at identifying endometrial 

cellular abnormalities (Wang et al., 2019), (Norimatsu et al., 2009). Endometrial samples can 

be obtained by intrauterine brushes which are taken from endometrial cavity without 

anaesthesia and cervical dilatation (Norimatsu et al., 2020), however it is not a very commonly 

used method in practice in the UK. Cervical pap smears can detect abnormal cells from the 

endometrium. Around 45% of EC were detected on pap smears and sensitivity is high in 

patients with non endometrioid ECs and advanced stage (Frias-Gomez et al., 2020). 

Endometrial liquid based cytology may play an essential role in EC screening (Fambrini et al., 

2014). Wang et al have evaluated genetic analyses of DNA recovered by different methods of 

endometrial cytological sampling, using pap brush versus intrauterine sampling with Tao 

brush. They detected pap brush detected 81% EC, and Tao brush detected 93% EC samples 

accurately (Wang et al., 2018).  

 Wedge biopsy 

This technique collects a wedge of tissue from lumen to the myometrial layer, which includes 

superficial and basal layers of the endometrium as well as the sub-endometrial myometrium 

from the detached post-hysterectomy uterus (as shown in Figure 9). In cancer research 

however, this should only be performed by the pathologists, to ensure the clinical diagnosis is 

not impaired. This may cause a delay in obtaining and processing of the sample and therefore 

in most units, only paraffin embedded tissue is available for research work.   

Uterine fluid aspirates 

The technique of uterine lavage was first described in 1957. Aspirating fluid from the uterine 

cavity and using that to detect RNA or molecular biomarkers is another less invasive method. 

Initially saline is introduced into uterine cavity then returned by aspiration. Cells are obtained 

by centrifugation, smeared on slides, then evaluated by cytopathologist (Nair et al., 2016). 

Some researchers have reported uterine aspirates to be a highly sensitive and specific biosample 

for identification of EC (de Kroon et al., 2003), (Huang et al., 2007), (Colas et al., 2011), and 

to represent molecular alterations characterising the primary tumours (Colas et al., 2011), 

(Muinelo-Romay et al., 2018). However, this method may be associated with a theoretical risk 
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of pushing the cancer cells into peritoneal cavity from the fimbrial end, hence needs to be 

analytically and clinically validated in large clinical trials (Muinelo-Romay et al., 2018).  

 

 

 

Ischaemia – an important pre-analytic variable  

Ischaemia is defined as inadequate blood supply to tissues, causing a shortage of oxygen to the 

tissues particularly due to obstructed blood flow.  

Warm Ischaemia  

With warm ischaemia, biospecimen is still within the body at body temperature, but with a 

compromised blood supply. This occurs after clamping the arteries during surgery and can 

affect the results of different analytes of the tissue that is subsequently collected. During 

surgery, even after the blood supply to the organ is interrupted, the organ remains at the body 

temperature, the time duration, from the cessation of the blood supply until the organ is 

removed from the body, is called warm ischaemia time. During the warm ischaemia, the 

reduced blood flow to the tissues causes stress to the cells which results in molecular changes, 

and ischaemia / stress related genes and their related proteins may be upregulated (Schlomm et 

al., 2008).    

The extent of warm ischaemia depends on the procedure and the organ, the surgical approach 

for example laparoscopic surgeries may double or triple the warm ischaemia time depending 

on the experience of the surgeon (Ricciardelli et al., 2010). Ischaemia induced metabolic 

Figure 9. Photograph of longitudinal 

section of uterus with EC. The rectangle 

shaped outline shows the pictorial 

representation of wedge biopsy 

(endometrium and myometrium).  

Courtesy: Pathology department, RPH, 

Lancashire university teaching hospitals 

NHS trust, Preston. 
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responses such as posttranslational modification, occur in early stages of loss of blood supply, 

hypoxia and stress induce degradation of the tissues especially tumour tissue undergoes higher 

variability and reaction to stress compared to normal tissues (Ma et al., 2012), (David et al., 

2014). Studies comparing biopsies before and after clamping major blood vessel have shown 

many genes, proteins to be altered, amongst them most vulnerable and reactive are 

phosphorylated proteins and phosphorylation status of the key proteins is significantly altered 

within a short ischaemic time in both normal and cancer samples (David et al., 2014), (Wolf et 

al., 2014). Warm ischaemia is dependent on different patient factors such as anatomy, 

comorbidities, past surgical history, surgical procedure, hence it is hard to minimise or control 

warm ischaemic time and documentation of this is helpful in understanding how this would 

have altered the molecular phenotype of the samples. 

Cold ischaemia  

Cold ischaemia is defined as time taken from removal of tissue from a patient until the tissue 

is stabilised by chemical fixation or snap freezing. It is perceived that if the cold ischaemia 

time is longer there is significant molecular degradation of the tissues which results in tissues 

not reflecting the original physiological state before surgery. Rapid collection and stabilisation 

of tissues is more expensive. Researchers need to take into consideration that the biases 

resulting from the variation in the pre analytical variable such as cold ischaemia time are 

included when evaluating the results of experiments (Atherton et al., 2016).  

In some studies, it has been reported that 15 mins after surgery between 1-15% detectable genes 

and proteins undergo moderate to significant changes from baseline and 30 mins after surgery 

up to 20% of detectable molecules show changes (Spruessel et al., 2004b), (Juhl, 2010), 

(Musella et al., 2013), (Grizzle et al., 2016). All factors affecting warm ischaemia also can 

influence cold ischaemia as well. The cold ischaemia times can be variable for different 

proteins and markers hence some labs keep biospecimens at 4°C until processing as it has been 

shown that chilling of samples mitigates the degeneration and will result in better preservative 

of tissue, stability of the genes and RNA integrity (Apple et al., 2011), (Yildiz-Aktas et al., 

2012), (Gündisch et al., 2015).  

Due to all above mentioned pre-analytic variations that can affect the final data derived from a 

biospecimen, strict guidelines should be followed with biospecimen procurement and handling 

and harmonisation of such guidelines is also imperative for their widespread and effective use.  
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EC Research Unmet Needs:  Improving the utility of research to facilitate 

rapid translation of research through harmonisation of biobanking 

standards  

High Dimensional Biology: ‘Omics’ Technologies 

Integration of different techniques for detection of genes, messenger RNA (mRNA), proteins 

and metabolites in a biospecimen in a non-targeted and non-biased manner forms the ‘Omics’ 

technologies. These newer techniques are increasingly being used to understand the normal 

physiological as well as the pathological processes in the humans and these in turn are expected 

to guide novel biomarker discovery research.    

Genomics is one of the ‘Omics’ technologies and deals with systematic study of an organism’s 

genome. Gene Expression is the process by which the gene is used to synthesise a particular 

protein which it encodes. This process is dynamic with a wide variability. High quality 

biospecimens are essential for any ‘Omics’ studies. To validate and reduce the confounding 

factors larger sample sizes are a must. Therefore, to have greatest predictive power in a study, 

it is imperative to have large number of sample sizes, which is only possible by collaborating 

with different researchers worldwide.    

The molecular tailored approach for precision medicine will help increase effectiveness, 

decrease the toxicity, decrease the cost of care and increase cost effectiveness (Jameson and 

Longo, 2015). Advances in translational molecular testing in the past few years has decreased 

costs of these tests significantly and expedited the uptake in cancer treatments which guide 

clinical decision making and use specific therapies (Compton et al., 2019).  

Translational research and role of biobanks  

Translational research is defined as “The process of applying ideas, insights and discoveries 

generated through basic scientific inquiry to the treatment or prevention of human disease” by 

National Institute of Health, which is simplified as ‘Bench to bedside’ research (Fang and 

Casadevall, 2010). Translational research aspires to hasten the process of evolution from the 

lab to clinical application for the patients who will benefit from the basic science findings. 

Having a sustainable supply of well-documented and high quality biospecimens is crucial for 

translational research, therefore, a biobank is a crucial platform where all the biospecimens can 

be collected and stored  (Hewitt and Hainaut, 2011). Disease specific biobanks have a huge 

influence on detection of new bio-markers, therapeutic targets, in general for research on 

treatment of particular diseases or cancers (Knoppers et al., 2012). Biobanks are the foundation 
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for research, are treasured educational sources, bring together all the stakeholders in research 

and lead in authentication of standards used in pathology. They also play an imperative role in 

motivating major developments to influence our perception about role of epidemiology, 

pathogenesis, genetics in EC as novel technological platforms in translational medicine like 

genomics, proteomics, epigenomics, and metabolomics emerge. These human tissues collected 

are an indispensable resource which generate molecular data from which targets for diagnosis, 

treatment and prevention are derived NCI best practice. 

Diversity of Biobanks 

There are wide dissimilarities in the several biobanking practices such as type of samples 

collected, sample quality, demographic data collected, ethics, consent, processing techniques 

and storage workflows, which can generate obstacles for researchers and lead to restrictions in 

collaborative research projects. The SOPs used in different biobanks vary depending on local 

resources, hence the quality of sample collection, processing and storage varies widely (NCI, 

2011), (NCI, 2016). Genomics studies such as expression microarrays and real time polymerase 

chain reaction depend on the sample stability and integrity hence even minor changes in 

collection, processing and storage can significantly modify the scientific results. 

Implementation of quality management systems in biobanks and standardising the best practice 

can lead to comparable results, and further collaborative research.        

Importance of patient derived biospecimens in cancer research 

Individualised medicine in addition to translational research aim to use both clinical and 

molecular data from patients to develop and validate treatment options with better specificity, 

to reduce the side effects, to focus on determining disease susceptibility to develop preventative 

strategies. Human bio-specimens form an essential link between molecular signatures in an 

individual’s specific cancer and diagnostic plus prognostic markers; therefore, treatments can 

be devised based on the information obtained from the bio-specimens (Moore et al., 2009). In 

recent years, the ‘Omics’ revolution has been propelling cancer research forward, and it has 

given us the prospect of investigating the alternative ways to study tumour biology, 

heterogeneity, and tumour cell progression (Gambara et al., 2018). Epigenomic distortions 

together with genetic alterations have a significant impact on cancer initiation and progression 

(Sharma et al., 2010), (Wild et al., 2013). The fundamental changes in cellular function that 

are vital in tumorigenesis are influenced by both genetics and environmental factors which can 

alter the individual’s risk of developing cancer. Therefore, advancing our knowledge in these 
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areas in particular outlines the basis for cancer prevention through directed therapies (Verma 

et al., 2014). For example, in epigenetic research the commonest types of biospecimens 

analysed are blood and tissue from the tumours. Biospecimens obtained from patients, cell lines 

derived from the tumours which retain the phenotype and functional characteristics of the 

parent tumour are advantageous in a wide variety of research studies since their response to 

chemotherapeutic agents for example will be more clinically relevant and the data produced 

will be more representative of the tumour sampled therefore the clinical applicability will be 

high. This evidently helps to derive direct and swift clinically translatable conclusions, and for 

customising the therapeutic options for individualist treatment with the maximum effectiveness 

whilst reducing side effects (Mill and Heijmans, 2013), (Reuben et al., 2015). However, 

discrepancy in collection, processing and storage of the biospecimens can genuinely hinder this 

seemingly straightforward process, leading to uncertain molecular nature of the biospecimens 

and irreproducible results, that impedes development of effective diagnostic and therapeutic 

translational strategies (Moore et al., 2009).  

The internal and external validity of the produced data depends on the use of rigorous standards 

in collection process of the biospecimens and patient characteristics significant to the cancer 

type. Deviations in collecting, processing, storing bio-specimens and the associated phenotypic 

and demographic data make it exceedingly difficult to generalise or to combine data from 

different studies (Ransohoff and Gourlay, 2010), (Tworoger and Hankinson, 2006). This lack 

of quality standards and standardisation is roadblock to cancer research and is recognized by 

the National Cancer Institute. The anomalies and differences in specimens and data collection 

introduce unalterable bias which are well recognized by many agencies and attempts are being 

made to overcome this by several international organizations and agencies (Morente et al., 

2007), (Yuille et al., 2008), (Vaught and Lockhart, 2012). 

Role of harmonisation of biobanking and existing initiatives for 

harmonisation  

‘Harmonisation is defined as achieving or improving comparability of similar measures 

collected by separate databases for different individuals’ (NIHR). Harmonisation differs from 

standardisation as it does not impose a single way, hence is a more flexible way of ensuring 

effective exchange of information and samples (Fortier et al., 2011) .  

The European Prospective Investigation into Cancer (EPIC) study coordinated from the 

International Agency for Research on Cancer (IARC), and the Telethon Network of Genetic 
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Biobanks in Italy, are international projects which have ventured into standardising the 

standard operating procedures, consent, transfer policies and procedures (IARC), (Filocamo et 

al., 2013) (Table 8). The Wellcome Trust Case Control Consortium identified issues with 

inconsistent sample quality such as different data from different sources (Wellcome Trust Case 

Control Consortium, 2007). The Cancer Genome Atlas Project also has recognised this as a 

serious issue and further on insisted on the high quality and consistency with biospecimens 

(Waltz, 2007).   

The European strategy forum on research infrastructures recognised that major synergy, gain 

of statistical power and economy of scale is by interlinking, standardising, harmonising or just 

cross referencing with a large variety of well qualified, existing, up-to-date national resources. 

This foresaw development of one of the largest health research infrastructure called Biobanking 

and Biomolecular resources Research Infrastructure (BBMRI) (Yuille et al., 2008).  

International biobanking platforms like ‘The Marble Arch International Working Group on 

Biobanking for Biomedical Research’ (Meir et al., 2011) and ‘ISBER – International society 

for Biological and Environmental Repositories’ are working on standardization of global 

biobanking (Campbell et al., 2018).  

Between 2004 -2007, an investigation launched by NCI to understand the state of resources, 

quality of biospecimens used in cancer research, lead to detailed best practice guidance for 

biobanks. The NCI Best Practices has established guiding principles that define gold standard 

biospecimen resource practices, promotes biospecimen and data quality maintenance, and 

details the ethical and legal considerations (NIH/NCI, 2006). Though, the adaptation of these 

guidelines is voluntary, they support optimization of the resources available for cancer 

research.  

These seemingly huge efforts have made many biobanks to individually be well-organised and 

to have accessible bio-sample repositories, this is not a uniform process. The bank-specific 

variations that exists are still too large to source samples from all biobanks to a single study. 

Hence, harmonisation is a necessity to utilise the available resources to their maximum 

potential. 

Existing Guidance/Protocols 

Currently there are some established best practice documents from some national institutes 

such as National Institute of Health/National Cancer Institute’s Biorepositories and 
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Biospecimen Research Branch Best Practices for Biospecimen Resources (BBRB)’ (NCI, 

2016), ‘International Society of Biological and Environmental Repositories Best Practices for 

Repositories: Collection, Retrieval, and Distribution of Biological Materials for Research’ 

(Campbell et al., 2018), ‘World Health Organisation International Agency for Research on 

Cancer Common Minimum Standards and Protocols for Biological Resource Centers 

Dedicated to Cancer Research’ (Mendy et al., 2017). These policies provide the framework for 

standardisation to all researchers.  

When these guidelines are effectively adapted and applied, they assist to improve the quality 

of research. Therefore, EC specific standardisation of the collection of biospecimens with 

distinctive and relevant accompanying clinical data sets is a fundamental unmet need in 

improving future EC research. This will facilitate future large-scale internationally 

collaborative research into EC, which could lead to improved biomarker and target treatment 

discovery. Similar harmonization projects have already been successfully implemented for 

other gynaecological conditions such as endometriosis - World Endometriosis Research 

Foundation Endometriosis Phenome and Biobanking Harmonisation Project (WERF EPHect), 

and Ovarian Cancer Research Program (OVCARE) (Wiegand et al., 2010), (Heravi-Moussavi 

et al., 2012), (Vitonis et al., 2014), (Rahmioglu et al., 2014), (Fassbender et al., 2014).  

Key stakeholders in cancer research and need for different tools  

Involvement of all key stakeholders is paramount as they are the consumers of the consensus 

therefore it enhances the ownership and engagement. Progress towards personalised medicine 

is influential in involving patients in shared decision making and patient empowerment. The 

advantage of involving patients, who are the most important of all stakeholders has been more 

recognised recently (Chalmers et al., 2014). This helps us in many ways other than acquiring 

more accurate and reliable personal, past medical and past surgical data for research. Some 

examples of information which can be exclusively obtained from patients are current weight, 

lifestyle data, family history. Personal past medical, surgical history and family history are 

more likely to be completed accurately by patients themselves rather than the health care 

professionals.   

Healthcare professionals’ participation into basic science research is vital. They not only 

describe, discuss and engage patients for research but also help in addressing the process of 

practically applying discoveries generated during research. Only clinicians can assist in 

contributing the surgical information such as details about operation, findings, staging and 
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follow up data (NCRI, 2012). The involvement of clinicians can bridge the gap between basic 

and applied research (Kahn et al., 2011).   

Pathologists provide the expert advice to regulate the quality of research and are key staff who 

help us supply the biospecimens required for research. Pathologists are important collaborators, 

and their participation and contribution will stimulate high quality translational research. As 

modern tools for research such as expression arrays, new generation sequencing technological 

advances develop we need pathology contribution to standardise the methodology for every 

specimen we can use for research hence pathologists can influence developing a standard 

operating procedure for biospecimen collection, processing and storage.   

Researchers and biobank workforce are quintessential staff for specimen processing, storage 

and data management. The time of processing sample, whether SOP followed, any deviations, 

reason for deviation from the protocol, all this information is beneficial to obtain consistent 

information for all patients which will make comparison between groups and individuals 

possible. It is also vital to have all data stored for the samples collected as it will reduce bias 

and also be helpful for large scale collaborative studies (Capocasa et al., 2016) .    

Methods of harmonisation   

Consensus generation methods used in research mainly aim to achieve agreement of opinion 

on a particular topic especially where published literature is inadequate, and these have been 

mainly used for problem solving or idea generation (McMillan et al., 2016). Three main 

consensus generation methods commonly adapted are nominal group technique, consensus 

development conference and Delphi process (Table 9). The methodologies are generally 

helpful in overcoming the disadvantages in committee meetings for example domination by 

one person or group, vested interests. The emphasis of the consensus methods is to evaluate 

the degree of agreement and to settle disagreement.  

Nominal group technique is a structured face to face meeting where the panellists rate, discuss 

and rerate a number of questions. This has been mainly used in assessing appropriateness of 

clinical interventions, education and training, practice developments in healthcare setting 

(Jones and Hunter, 1995).  
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Table 8. showing national and international efforts of harmonisation, reproduced from the article ‘Adishesh, M.; Hapangama, D.K. 

Enriching Personalized Endometrial Cancer Research with the Harmonization of Biobanking Standards. Cancers 2019, 11, 1734.’ 
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Consensus development conference have been used for safety, effectiveness and 

appropriateness of medical care and technology. These are run informally in terms of criteria 

for generating consensus. The definition of consensus in these conferences is unanimous 

agreement with the consensus statement. The processes used can affect the value, validity and 

hence its reproducibility (Halcomb et al., 2008). As in any consensus generation methodology, 

investment of time is necessary, more so with conferences, as conferences need to be organised 

and participants have to attend all the meetings for it to be reliable and validated. Hence this 

method is feasible but more expensive and time consuming. Debates and disagreements during 

the consensus generation may deviate the attention and focus of the entire group (Halcomb et 

al., 2008). Some of the well-known examples are those conducted by National institute of 

health (NIH)  (Filipovich et al., 2005) , (Jagasia et al., 2015) and World Endometriosis Research 

Foundation Endometriosis Phenome And Biobanking Harmonisation Project (Vitonis et al., 

2014), (Rahmioglu et al., 2014), (Fassbender et al., 2014).   

The Delphi process is also a structured process, but interaction amongst the panel members is 

through questionnaires and hence anonymity is preserved. In the Delphi process, relevant 

individuals are invited to provide opinions and invited to participate in different questionnaire 

rounds. During each round, opinions are grouped together, and questionnaire redrafted till 

consensus achieved on all topics in the questionnaire. There have been various criticisms about 

the Delphi process and its validity however there is no clear evidence as to which method is 

the best. It is sufficient that the reporting study clearly justifies the method used, presentation 

of findings and its relevance (Jones and Hunter, 1995). 

Table 9. Consensus Generation methods  

Consensus generation methods Advantages Disadvantages 

Nominal group technique -Structured face to face 

meeting 

-Panellists rate and rerate the 

questions 

-Time consuming 

-Disagreements can deviate 

the focus 

-Requires skilled facilitator 

Consensus development 

conference 

-Face to face 

-Unanimous agreement of all 

participants 

-Expensive 

-Time consuming 

-Debates and disagreements 

may deviate the focus 
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Delphi Process -Structured process 

-Anonymous questionnaires 

-Multiple rounds till achieve 

consensus 

 

-Experts are invited to 

participate hence biased 

opinions may be possible 

-Validity may be 

questionable 

The ultimate use of the gold standard biospecimen procurement is to find new biomarkers that 

can be used as diagnostic, therapeutic, and prognostic markers for EC. To highlight this aspect, 

in this thesis, the role of a new biomarker, TERRA is discussed.  

 

Endometrial carcinogenesis  

Telomere and Telomerase biology in endometrial carcinogenesis 

Telomeres are protective caps of the ends of the chromosomes, which contain tandem repeat 

DNA sequence and specific associated proteins, called shelterins. Their main function is 

preventing loss of genomic DNA during cell replication (Sandell and Zakian, 1993). When the 

cells proliferate, there is shortening of telomeres due to end replication problem and cell enters 

either senescence or crisis phase due to chromosomal instability when the telomeres reach a 

critical short length. Telomerase is a specialised reverse transcriptase enzyme, which adds 

repetitive telomeric sequences onto the chromosomal ends (Blackburn et al., 1989), (Greider, 

2010) and thus can elongate the telomeres, to maintain telomere lengths in proliferating cells. 

For this reason, telomerase activation is considered as a critical step in cellular immortality and 

oncogenesis. Numerous studies have reported the importance of telomeres and role of 

telomerase in cancer development (Kim et al., 1994), (Hiyama et al., 1996), (Shay and 

Bacchetti, 1997). When gynaecological cancers are considered, previous studies have 

demonstrated alteration in telomere lengths in the majority of ECs (Wang et al., 2002b) and 

high telomerase activity (TA) has been reported to be a common feature of ECs (Kyo et al., 

1996), (Kyo et al., 1999a), (Wang et al., 2002b). Therefore, understanding the role of telomeres 

and telomerase is an important aspect to study in endometrial carcinogenesis.  

Telomeres 

Telomeres are specialised nucleoprotein complexes at the ends of chromosomes, containing 

 repeated nucleotide sequences (Blackburn and Gall, 1978). 

Structure 
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The telomere complex contains tandemly repeated telomeric DNA (- TTAGGG) and its 

complementary strand, which is terminated with a short single stranded 3` guanine rich 

overhang known as G-tail (Royle, 2006), (Blackburn et al., 2015). The G Tail forms a D-loop 

(displacement), which prevents access to telomerase except in late S phase, when it becomes 

accessible (Griffith et al., 1999), (de Lange, 2004), (de Lange, 2005), (Palm and de Lange, 

2008), (Shay, 2016). The whole telomere forms a duplex structure (T-loop) due to strand 

invasion from the G tail, which provides telomere capping (Griffith et al., 1999), (Blackburn, 

2001). The size of T-loop is proportional to the length of the telomere (Cimino-Reale et al., 

2001).   

Shelterin complex 

Telomeres are associated with a complex of six proteins, which together form shelterin 

complex and they are: Telomeric repeat factor 1 and 2 (TRF1 and TRF2),  Repressor/ 

activator protein 1 (RAP1). TRF1 interacting nuclear protein 2 (TIN2), Tripeptidyl peptidase 

1 (TPP1), Protection of telomeres (POT1) (Liu et al., 2004). TRF 1 and 2 are directly attached 

to telomeric DNA and POT1 is attached to the G tail, hence these are called telomere DNA 

binding proteins (Ye et al., 2004). The remaining three proteins bind to these proteins: TIN2 to 

TRF1, RAP1 to TRF2 and TPP1 to POT1 (de Lange, 2005). In addition to these six proteins, 

there are many other proteins located at the telomere: for example, NBSI, MRE2, Rad50, 

tankyrase, PinXI, and Ku. These have a role in DNA damage response (DDR) and also non 

telomeric functions (Kuimov, 2004), (De Boeck et al., 2009). Shelterin complex is universally 

expressed and is associated with the telomeres throughout the cell cycle (Royle, 2006), (Takai 

et al., 2011).  

Function of telomeres 

• Prevention of chromosomal DNA identification and breaks - Both shelterin proteins 

together with telomeres, protect the chromosomal ends. TRFs and POT1 form T-loop 

and prevent DDR activation (Palm and de Lange, 2008). TRF2 prevents end to end 

fusion and POT1 protects the G tail by forming D-loop (Jacob et al., 2007), (Yang, 

2008), (Baumann and Price, 2010), (Cesare and Karlseder, 2012).   

• Protect chromosomal ends from degradation by nucleases and end to end fusion  (Xue 

et al., 2016), (Shay, 2016). 

• Act as sentinels for DNA damage – Telomeres are more prone to DNA damage 

compared to genomic DNA due to high guanine content and lack of DNA repair 
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mechanisms (Wang et al., 2010), (Petersen et al., 1998). These triggers sustained DDR, 

resulting in cell cycle arrest, and inducing apoptosis or senescence (Shay, 2016), 

(Blackburn et al., 2015). 

• Recruitment of telomerase – Shelterin proteins particularly POT1 has dual role in 

recruiting telomerase as it prevents access to intact telomere complex but after hetero-

dimerization with TPP1, it allows telomerase to become active and to extend the 3` 

overhang in the late S phase (Wang et al., 2007), (Zhang et al., 2013), (Chu et al., 2016). 

• Regulation of gene transcription – Also participate in regulation of genes which are 

located nearer are transcribed at a lower rate (Robin et al., 2014). 

• Extra telomeric functions of telomere associated proteins – The shelterin proteins are 

associated with regulation of transcription of different genes. RAP1 is associated with 

regulation of female obesity (Martínez et al., 2013). TIN2 is found in mitochondria and 

its reduced expression results in inhibition of glycolysis (Chen et al., 2012a).        

Telomerase 

The main mechanism by which the telomeres are maintained in healthy cells, is the activity of 

specific/ specialized enzyme, telomerase (Blasco, 2005). However, TA is low or absent in most 

human somatic cells but present at sufficiently high levels in only specialized cells and cancer 

cells (Kim et al., 1994), (Shay and Bacchetti, 1997). 

Telomerase is a reverse transcriptase (RNA dependent DNA polymerase) that adds G-rich 

telomeric repeats to G tail using an RNA template (Lingner et al., 1997). Telomerase 

holoenzyme contains a human reverse transcriptase enzyme TERT (hTERT), human TERC 

(hTERC), the RNA component in each of its dimeric configuration connected by a hinge in the 

middle (Venteicher et al., 2009), (Blackburn and Collins, 2011) (Figure 10).                   

Components of telomerase 

hTERT is the catalytic component of the telomerase enzyme, and in vitro, only hTERT and 

hTERC is sufficient to reconstitute TA (Weinrich et al., 1997) (Figure 10).   

Human telomerase reverse transcriptase (TERT or hTERT) 

The catalytic unit of telomerase enzyme and the rate-limiting factor for the enzyme activity is 

hTERT (Zhou et al., 2006), (Zhang et al., 2013). The gene for hTERT is located on 

chromosome 5p, has 16 exons and 15 introns and about 35 kb in length (Cong et al., 1999),   

(Shay and Wright, 2010), (Cong et al., 1999). Whilst there are over 20 spliced variants of 
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hTERT, only the wild type exhibits  reverse transcriptase activity (Hrdličková et al., 2012). 

hTERT is not only associated with telomere maintenance, but also increases the apoptotic 

capacity of cells, maintaining pluripotency of stem cells and gene expression regulation 

(Saretzki, 2014).         

 

 

 Human telomeric RNA component (hTERC or hTR)  

hTERC is a short RNA strand approximately 451 nucleotides in length and its sequence is   

complementary to telomeric TTAGGG repeat sequence (Theimer and Feigon, 2006).  

Although species specific in size and sequence, its structure is highly conserved. hTERC is a 

non-coding RNA transcribed by RNA polymerase 2 and its 3` end shares a H/ACA motif with 

small nucleolar and small cajal body RNAs (snoRNA, scaRNA), which further associates with 

all four H/ACA RNP components – dyskerin, NOP10, NHP2, GAR1 (Egan and Collins, 2010). 

Its co-transcriptional association with dyskerin is essential feature for stabilisation, preventing 

its further cleavage and nuclear retention (Feng et al., 1995), (Fu and Collins, 2003), (Kiss et 

al., 2010). Mutation in the H/ACA motif area leads to dyskeratosis congenita and variants 

associated with sequence change outside this motif area do not affect the  stability, but in fact 

Figure 10. Pictorial representation of the telomerase complex 
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imposes catalytic defects (Fu and Collins, 2003). The binding of hTERC to the tetrameric 

complex of accessory proteins dyskerin, NOP10, NHP2 and NAF1 is vital for TA. 

Telomerase associated proteins (Table 10) 

hTERT associated 

proteins  

P23, hsp 90 – ribonucleoprotein assembly 

Protein14-3-3 regulates apoptosis 

DHX36 stabilises hTERT 

VCP like protein regulates telomerase 

activity  

Pontin and Reptin facilitate assembly of 

telomerase 

(Xi and Cech, 

2014) 

(Her and Chung, 

2012) 

(Huber et al., 2008) 

hTERC associated 

proteins 

H/ACA ribonucleoproteins associated with 

stability, accumulation, maturation, 

localisation of hTERC 

Dyskerin stabilises hTERC 

AI and UPI provide accessibility of the 

telomerase to telomeres 

Telomerase protein component 1 helps in 

telomere replication  

La antigen helps in telomeric homeostasis 

STAU assists in telomerase processing, 

localisation, and telomerase assembly 

TCAB1 (telomerase and cajal body protein1) 

helps in recruitment of the telomerase 

holoenzyme to the telomeres 

(Wang and Meier, 

2004) 

(Nagata et al., 

2008) 

(Harrington et al., 

1997)  

(Aigner et al., 

2003) 

(Venteicher et al., 

2009) 

 

Functions of telomerase 

     Telomere maintenance - In eukaryotic cells, telomerase elongates the 3’ strand and this 

counteracts the end replication problem. Telomere lengthening preferentially happens at 

shortest telomeres to keep telomeres above a critical length, preventing the activation of DDR 

pathways (Fakhoury et al., 2010), (DSouza et al., 2013) .   

     Non canonical functions of telomerase component hTERT – hTERT acts as a cofactor 

in Wnt/β-catenin pathway and hence involved in regulation of Wnt signalling (Park et al., 

Table 10 Telomerase associated proteins 
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2009). hTERT interacts with RNA component of the mitochondrial RNA to form 

ribonucleoprotein complexes, which produce dsRNA (double stranded), which serve as 

substrates for SiRNA generation and regulate expression of genes related to stem cell biology 

(Maida et al., 2009). In addition, TERT participates in improved DNA repair, increased 

apoptosis resistance, changes in chromatin structure and altered gene expression (Saretzki, 

2014).    

Telomere maintaining mechanisms (TMM) in cancers  

Telomere shortening induces cellular senescence and overcoming that by maintaining 

telomeres is essential for carcinogenesis. Cancer cells utilise two main pathways to maintain 

their proliferative potential, resulting in cellular immortalisation; common pathway is the 

telomerase dependent telomere elongation, based on telomerase enzyme (Figure 12). 

(1) Telomerase dependent telomere elongation  

Commonly, the telomerase dependent telomere elongation, based on telomerase enzyme and 

TA, is active in 85% of cancers. This is discussed in detail later in this chapter.  

(2) Alternative lengthening of telomeres (ALT) pathway  

The other TMM pathway is the telomerase independent, alternative lengthening of telomeres 

(ALT) pathway (Bryan et al., 1997). ALT occurs in only 10 – 15 % of human cancer cells 

(Cesare and Reddel, 2010). The hallmark of such cancers are combination of ALT related 

biomarkers, which are absence of TA, heterogeneity in telomere length, telomere sister-

chromatid exchanges, extrachromosomal telomeric repeats or C-circles and ALT associated 

promyelocytic leukemia protein (PML) bodies (APBs) (Cesare and Reddel, 2010). Detection 

of C-circles and ALT telomere DNA synthesis in APBs are more robust and advanced assays 

for ALT (Henson et al., 2009), (Zhang et al., 2019). Recently, it has been understood that there 

are more than one mechanism of ALT and RAD51 which was originally thought to be essential 

is now proven to be dispensable. There are three possible mechanisms to ALT, RAD51-

dependent recombination, RAD52-dependent break induced replication (BIR) and RAD52-

independent BIR (Zhang et al., 2019), (Lee et al., 2021). According to the latest research, a 

study in yeast cells suggests that as TERRA and R loops accumulate at short telomeres and 

trigger DNA repair (Graf et al., 2017) in addition another study on human tumour cell lines 

show that RNA endonuclease RNAse H1 regulates the level of R loops and controls 

recombination, therefore TERRA and R-loops may be involved in ALT induction (Arora et al., 
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2014). Similarly, it is thought that BRCA2 suppresses ALT by maintaining telomere replication 

and then by suppressing BIR (Lee et al., 2021). It is also a known fact that majority of BRCA2 

mutated cancers also have P53 mutations, hence BRCA 2 deficiency that occurs in conjunction 

with p53 inactivation may result in ALT and ALT may promote carcinogenesis (Lee et al., 

1999), (Bodvarsdottir et al., 2012), (Pompili et al., 2019). Loss or mutation of ATRX or DAXX 

protein chromatin remodeler complex, and somatic mutation in histone H3.3-ATRX-DAXX 

chromatin remodelling pathway are all implicated in ALT as well (Heaphy et al., 2011), 

(Lovejoy et al., 2012), (Schwartzentruber et al., 2012). Accumulation of MRN 

(MRE11/RAD50/NBS1) complex by sp100 overexpression and depletion of MRN complex 

both lead to suppression of ALT. In absence of ATRX, MRN relocates to APBs and thereby 

MRE11/RAD50/NBS1 (MRN) complex is implicated in ALT pathway (Jiang et al., 2005), 

(Zhong et al., 2007), (Clynes et al., 2015), (Lee et al., 2021). ALT occurs in high frequency in 

CNS tumours such as astrocytomas, glioblastomas, and in cancers of soft tissue, and bone 

(Scheel et al., 2001) ,  (Henson et al., 2005), (Grandin et al., 2019), (Lawlor et al., 2019) .  

(3) Non-defined TMM mechanism (NDTMM) has also been recently reported (Gaspar et al., 

2018). In tumours, where both telomerase and ALT were both reported to be absent, the 

existence of a non-defined TMM (Gaspar et al., 2018) had been proposed. Examples of cancers 

with neither telomerase nor ALT mechanism, but where telomeres are maintained, include 

glioblastomas, osteosarcoma, cutaneous melanoma metastases (Royds et al., 2011), (Barthel et 

al., 2017), (Viceconte et al., 2017). In glioblastomas, NDTMM was accompanying 

polymorphism of CDKN2A, and was associated with reduced patient survival (Royds et al., 

2011). Tumours with NDTMM did not always present with same telomeric features, hence 

future studies are warranted to elaborate on these mechanisms (Barthel et al., 2017). TERRA 

may play a role in NDTMM.  

Epigenetic regulations such as DNA methylation, histone methylation and histone acetylation 

all affect expression of hTERT and thus appear to have a vital role in telomerase regulation 

(Lewis and Tollefsbol, 2016). 

The mechanisms for the robust maintenance of telomere lengths in tumour cells may be caused 

by somatic mutations of hTERT promoter (Simon et al., 2015), amplification of hTERT 

(Visnovsky et al., 2014) and hTERC (Liu et al., 2012a), re-arrangement of hTERT gene 

(Kawashima et al., 2016), germline variants of hTERT gene and its promoter (Baird, 2010), 

(Chen et al., 2012b), epigenetic changes (Bechter et al., 2002), (Widschwendter et al., 2004), 
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ALT (Rodriguez et al., 2016), and non-defined TMM (Royds et al., 2011). When the incidence 

of TMM mechanisms was studied in different cancers in the TCGA cohort, they found that the 

TERT promotor mutations were most prevalent in brain tumours, hepatocellular carcinoma, 

skin cancers (melanomas, squamous cell carcinomas, basal cell carcinomas) whereas less 

prevalent in digestive system, haematopoietic and lymphoid tumours (Barthel et al., 2017). 

Cervical precancers, lung cancers had high frequency of hTERC amplifications (Liu et al., 

2012b). ALT is less common, but more prevalent in osteosarcomas, neuroblastomas (Ulaner et 

al., 2003), (Gaspar et al., 2018). A crucial difference between both pathways is that TA positive 

cells maintain telomere lengths around 5-10 kb with normal distribution using enzyme 

telomerase whereas telomeres of ALT cells are long up to 20kb and with significant telomere 

length (TL) heterogeneity (Sampl et al., 2012).     

In female reproductive cancers included in the TCGA cohort, TERT promotor mutation 

frequency was 21% in clear cell carcinoma of uterus, 11% in uterine endometrial carcinoma. 

TERT promotor mutations are considered to involve two step tumourigenesis mechanism, 

where the mutations heal the shortest telomeres in the first phase, and in the second phase, 

genomic instability arises due to critically short telomeres which induces upregulation of 

telomerase to sustain cell proliferation (Chiba et al., 2017).  

In epithelial cells which have replicative capability, telomere shortening can lead to 

chromosomal instability by leading to multiple chromosome breakages, fusions, translocations 

making the chromosomes aneuploid therefore carcinogenesis. One of the mechanisms which 

stabilise the telomere structure and its length is shelterin complex (de Lange, 2005). This 

complex protein interactions at the chromosomal ends have a key role in maintaining the 

telomere length. Telomere lengths are maintained by a negative feedback loop, thus, when 

telomeres are long, the cis-acting mechanism inhibits the telomerase, and this is influenced via 

shelterin protein, POT1. POT1 can either facilitate or inhibit telomerase binding via binding 

to the ssDNA at the 3’ overhang of the chromosomal ends and burying the base at the 3’ end 

making it inaccessible to the telomerase enzyme (Lei et al., 2005), (Kelleher et al., 2005). 

POT1 can also inhibit telomerase through its ‘steric hindrance’ with telomerase enzyme (Lei 

et al., 2005). RPA (Replication protein A) is another ssDNA binding protein, which has an 

important role in telomere replication by facilitating telomerase enzyme at the telomeres 

(Rubtsova et al., 2009), (Luciano et al., 2012),  and also recruitment of the ATR-ATRIP protein 

kinase complex to DNA damage sites and to initiate the checkpoint signalling (Zou and 

Elledge, 2003), (Haring et al., 2008).    
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Telomerase and cancers 

As a general principle, epithelial cancers have high TA compared with normal healthy tissue. 

For example, TA is found to be higher in pancreatic ductal cell cancers compared with benign 

tissue or other pancreatic cancers. Gastric cancers with high TA have poorer prognosis (Hiyama 

and Hiyama, 2004). More than 90% of head and neck squamous cell cancers have high TA 

(Mao et al., 1996). In colorectal cancers, high TA is associated with poorer prognosis and 

survival seems to be associated with the level of TA (Tatsumoto et al., 2000). Therefore, taken 

together, high TA is a common observation in most cancers as per available evidence, as 

highlighted in many systematic reviews (Shay and Bacchetti, 1997). Mutations of telomerase 

components that have been reported in many cancer types include activating mutations of the 

telomerase complex. hTERC amplifications were found to be a hallmark of cervical 

carcinogenesis, and overexpression of hTERC is reported in prostate, breast, oral squamous 

cell carcinomas (Dorji et al., 2015), (Heng et al., 2017), (Zhu et al., 2018), (Baena-Del Valle et 

al., 2018). 

In genome wide association studies (GWAS), variants of chromosome 5p15 which is hTERT 

gene were identified in bladder, pancreas, brain, prostate, skin, and lung cancers (Rafnar et al., 

2009), (Petersen et al., 2010), (Kote-Jarai et al., 2011). hTERT promoter mutations are 

associated with increased hTERT expression, TA or longer telomeres, have been identified in 

many cancers such as thyroid, skin, bladder (Heidenreich et al., 2014).  

Evidence for altered Telomere/Telomerase Biology in EC 

Telomerase is present in human endometrium, despite being a somatic organ, with highest 

levels reported in the highly mitotic proliferative phase cells (Hapangama et al., 2017) and is 

likely to be regulated by oestrogen. Two groups, Kyo et al and Saito et al have produced the 

first reports of high TA in ECs (Kyo et al., 1996), (Saito et al., 1997). Subsequently, many 

others have reported ECs to have high TA (Ebina et al., 1999), (Maida et al., 2006), (Gul et al., 

2013). In a small study, Bonatz et al reported a significant correlation between high TA and the 

surgical stage and grade of EC (Bonatz et al., 2001). Comparison between hTERT mRNA levels 

and TA using telomeric repeat amplification protocol (TRAP) assay have shown the levels and 

activity to be significantly higher in cancer compared with low levels seen in normal non-

cancerous endometrium (Lehner et al., 2002).  
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Since EC is a hormone responsive cancer, it is important to consider the effect of ovarian 

hormones on regulation of telomerase. Some in vitro studies using EC cell lines, demonstrated 

that TA levels and hTERT expression to increase by oestrogen via ER alpha dependent and 

oestrogen responsive element (ERE) dependent effect on hTERT promoter (Boggess et al., 

2006). In addition, similar induction of TA with oestrogen via Akt dependent phosphorylation 

of hTERT was seen in human ovarian cancer cell lines (Kimura et al., 2004). Many driver 

mutations may affect telomerase components. ARID1A is tumour suppressor protein, 

frequently mutated in endometrial adenocarcinoma, recently a study has suggested ARID1A 

negatively regulates hTERT and TA, therefore loss of ARID1A can upregulate the TA (Suryo 

Rahmanto et al., 2016), (Takeda et al., 2016).  

Evidence for Telomere length alterations in EC 

Figure 12. Chart representing endometrial carcinogenesis process from telomere dysfunction 

using telomere maintenance mechanisms 
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The initial evidence for telomere length alterations in EC was reported in 1992, where 

endometrial adenocarcinomas were found to have shorter telomeres compared with normal 

tissue (Smith and Yeh, 1992). Later in 2002, Wang et al tried to establish the relationship 

between TA and telomere lengths in gynaecological cancers, and they found 81% ECs to have 

TA and 74% of ECs had alterations in telomere lengths (Wang et al., 2002b). There have been 

further studies, which have compared the epithelial cancer cell telomere length to normal 

stromal cells, but stromal cells are known to have longer telomeres, hence there is fundamental 

differences in cell proliferation, TA between these cell types (Akbay et al., 2008), (Hapangama 

et al., 2017). It was also reported that ECs to show shorter 3’ telomeric overhang length, which 

were even shorter in poorly differentiated or deeply invading tumours, which suggest that these 

features may have a role in tumour progression (Hashimoto et al., 2005). The TCGA dataset 

also reported that sarcomas, testicular germ cell tumours, low grade gliomas were associated 

with longer telomeres, whereas gynaecological malignancies such as cervical cancer and EC 

had shortest average telomere lengths (Barthel et al., 2017). Mutations of POT1 gene, which is 

one of the most conserved shelterin proteins were reported in ECs, loss of POT1 may cause 

inappropriate telomere access to telomerase leading to telomere dysfunction and genetic 

instability (Flynn et al., 2012), (Liu et al., 2012a). During normal cell proliferation, telomeres 

shorten with every division and reach a critical length, at which point tumour suppressor 

checkpoints are triggered to lead the cell into senescence or apoptosis. When tumour suppressor 

checkpoints are not working, this can lead the cell into crisis phase, where further shortening 

of telomeres causes telomere dysfunction (Shay and Wright, 2005). Telomere dysfunction can 

cause genomic instability, for example, end to end fusion of telomeres, which can also lead to 

cell death. When associated with mutations such as TERT promoter mutations, this can lead to 

increased TA, hence re-stabilisation of telomeres. Telomere shortening is considered to be one 

of the early phases of tumourigenesis (Valls et al., 2011), (Roger et al., 2013). The available 

evidence suggests some cancers such as breast, pancreatic, prostate, colorectal cancers are 

associated with shorter telomeres (Meeker et al., 2002) , (van Heek et al., 2002), (Meeker et 

al., 2004), whereas there are further studies for example in hepatocellular carcinomas, that 

suggest that longer telomeres, increased hTERT expression and higher TRF2 protein to be 

associated with poorer prognosis (Kim et al., 2013). 

In some organs like bladder, oesophagus, stomach, and ovaries, shorter telomeres were 

significantly associated with carcinogenesis. In contrast to that, studies in ECs did not show 

any association between relative TL and risk of EC (Wang et al., 2002a),  (Maida et al., 2006), 
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(Prescott et al., 2010). There are contradictory reports of association of longer circulatory 

leukocyte telomere length (LTL) and significantly increased risk of EC (Sun et al., 2015).   

Telomeric repeat containing RNA (TERRA) 

For many years, the telomeres were considered to be transcriptionally silent, but in 2007, 

Azzalin et al., demonstrated that they are transcribed into TERRA (Azzalin et al., 2007). These 

long non-coding RNAs are transcribed from subtelomeric CpG-island promoters extending 

towards telomeric tract and are composed of G-rich UUAGGG repeat sequences, mainly by 

RNA polymerase II (Azzalin et al., 2007), (Schoeftner and Blasco, 2008). TERRAs are 

expressed in most mammalian tissues.   

• TERRA Structure and associated proteins 

Mammalian TERRAs range from 100bp to 9Kb (Azzalin et al., 2007) and their length is 

reported to be proportional to the length of the transcribed telomere (Arnoult et al., 2012). 

A small amount of cellular TERRAs are bound to telomeres and found associated with 

transcriptionally silent metaphase chromosomes (Azzalin et al., 2007), (Nergadze et al., 

2009), (Porro et al., 2010). The poly (A) tail and 7-methylguanosine (m7G) cap structure at 

5` end of all human TERRAs are responsible for stability (Feuerhahn et al., 2010). TERRA 

form G-quadruplexes with shelterin complex protein TRF2 (Biffi et al., 2012) and also co-

localise with RAP1 foci (Azzalin et al., 2007) (Figure 13). The TERRA content seem to be 

cell specific, for example around 30% HeLA and primary human lung fibroblasts displayed 

3 to 7 TERRA foci whereas 80 -100% of human osteosarcoma cells and murine renal cancer 

cells displayed 20 - 40 foci (Azzalin et al., 2007). TERRA levels also fluctuate with the cell 

cycle phase and subtelomeric promoter methylation inhibits the telomere transcription 

(Nergadze et al., 2009). There are about 15 different types of proteins which are TERRA 

associated proteins and they have diverse cellular functions. TERRA transcription is 

regulated slightly differently at every chromosome end as there may be some promoters or 

molecules which may affect certain TERRAs more than others for example, TRF1 

knockdown has shown to reduce 1q-2q-10q-13q TERRA levels but has no effect on 15q 

TERRA (Scheibe et al., 2013). 
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• 7-methylguanosine cap structure at TERRA 5` end 

TERRA is transcribed by RNA polymerase II and hence have 7-methylguanosine (m7G) cap 

structure. Some small nuclear RNA’s have a 2,2,7-trimethylguanosine (TMG) cap. TERRA is 

found exclusively in the nucleus. Northern blot experiments performed by Porro et al in 2010 

confirmed that TERRA molecules do not have a TMG cap structure and a large majority of 

them contain m7G cap.  

• Poly(A) tail 

About 7% of human TERRA molecules are polyadenylated, whereas almost all yeast TERRAs 

carry a poly (A) tail (Azzalin and Lingner, 2008), (Luke et al., 2008). Canonical 

polyadenylation increases TERRA stability, whereas noncanonical poly(A) polymerases trigger 

efficient decay of the RNAs by recruitment of nuclear exosome complex (Vanácová et al., 

2005), (Wyers et al., 2005), (Vanacova and Stefl, 2007). Quantification of the poly(A)- TERRA 

and poly(A)+ TERRA have shown that the half-lives of these are three hours and more than 

eight hours respectively (Porro et al., 2010). This suggests that the poly(A) tail structure 

Figure 13. Diagramatic representation of TERRA, shelterin complex and telomerase complex 
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increases TERRA stability and the canonical poly(A) polymerase is responsible for the 

polyadenylation (Porro et al., 2010).   

• Different TERRA subtypes  

Different TERRA transcripts were derived about 5 -10kb upstream region of subtelomere from 

10 distinct chromosomes (chr 1p, 9p, 12p, 16p, 17p, 19p, Xp,15q, 20q, Xq) and abundance of 

all of these transcripts increased by 2 to 4 fold with TRF2 depletion (Porro et al., 2014b). In 

contrast to other long non-coding RNAs, there were no splicing events of TERRA transcripts 

on analysis of the sub telomeric sequence (Porro et al., 2014a). According to the Blasco lab, in 

humans, out of 18 TERRA loci identified to date, only transcripts from 20q and Xp had TERRA 

features (Montero et al., 2016). Deletion of 20q locus resulted in not only significant reduction 

in TERRA levels but also telomere shortening and uncapping, whereas deletion of Xp locus did 

not decrease the levels. This showed that 20q locus to be considered the most genuine TERRA 

as it resulted in significant change in TERRA levels  (Montero et al., 2016). Deletions and 

amplifications of 20q subtelomere have been found to cause different variety of haemotological 

malignancies and mental retardation. On the contrary, Feretzaki et al, demonstrated by using 

chromosome-specific subtelomeric primers, that TERRA is expressed from a large number of 

telomeres. The quantity of TERRA molecules from each chromosomal end varies within a given 

cell type. The state of individual telomere will affect the TERRA transcription not only in cell 

types but also amongst telomeres of the same cell (Feretzaki et al., 2019). However, this study 

could not detect if all telomeres expressed TERRA as some subtelomeric sequences were too 

repetitive to design primers and some TERRA transcription started close to the canonical 5’-

TTAGGG-3’ making the detection by RT- PCR difficult.     

• Regulation of TERRA 

Levels of TERRA are cell cycle regulated and transcription is inhibited by promoter methylation 

(Nergadze et al., 2009). Most information on TERRA regulation comes from studies on yeasts. 

The transcription is shown to be regulated by telomeric heterochromatin and promoted by 

TRF1 (Schoeftner and Blasco, 2008). In yeast cells, Rat1, 5`-3` exonuclease negatively 

regulates TERRA levels and this is mediated by RAP1 and its associated proteins like Rif1 and 

Rif2 (Luke et al., 2008), (Iglesias et al., 2011). TRF4, is an alternative poly (A) polymerase 

plays a role in degradation of TERRA in Rat1 deficient cells. Overexpression of RNAse H, 

degrades RNA, reduced TERRA expression in yeast cells. Although the same regulatory 
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pathways that are active in eukaryotic cells are expected to be present in upper order 

mammalian and human cells, further studies are needed to confirm these assumptions in future.        

• Functions of TERRA (Figure 14) 

TERRA and heterochromatin 

TERRA have been reported to participate in many cellular regulatory functions. They may 

contribute to telomeric heterochromatin formation via its interaction with proteins such as 

TRF2, origin of recognition complex (ORC), heterochromatin protein 1(HP1) (Deng et al., 

2009) and also by promoting H3K9 trimethylation (Deng et al., 2009), (Arnoult et al., 2012); 

the regulation of cellular differentiation is thought be secondary to the influence on telomerase 

and heterochromatin formation. During early expansion of human embryonic stem cells, 

TERRA levels decrease, which in turn causes reduced TERRA bound SUV39H1 leading to 

down regulation of H3K9me3. These processes cause telomeric chromatin remodelling and 

telomere elongation (Zeng et al., 2017). TRF2-TERRA-ORC1 (origin recognition complex –

ORC) interactions maintain HP1 and histones at telomeres, which in turn maintains DNA 

stability (Deng et al., 2009). The main epigenetic difference between telomerase positive cells 

and ALT cells is that telomerase positive cells have high levels of subtelomeric methylation 

and display low levels of TERRA compared to ALT cells, this indicates that the consolidation 

of heterochromatin in these cells inhibits telomeric transcription (Ng et al., 2009). 

TERRA and shelterin proteins 

In human telomeres, loss of TRF1 increases recruitment of telomerase. In both humans and 

yeasts, RAP1(Rap1 in yeasts) via TRF2 and Taz1 proteins respectively, has a negative 

regulatory role on telomerase recruitment (Stern and Bryan, 2008), (Wang et al., 2015). TERRA 

associates directly with TRF 1 and 2, which together play a role in telomere protection by 

blocking ataxia telangiectasia mutated (ATM), ATM and Rad3-related (ATR), Homology 

directed repair (HDR) and Non-homologous DNA end joining (NHEJ) pathways (Wang et al., 

2015). During early to mid S phase, TERRA binds to hnRNPs, leads to binding of RPA to 

ssDNA then release of POT1 to enable telomere extension. When TERRA levels decrease, 

hnRNPs are released which displace RPA from telomeric ssDNA. As TERRA reaccumulates in 

late S phase, hnRNPs binding to ssDNA is antagonised and in presence of hnRNPs POT1 coats 

the ssDNA displacing the RPA and prevents persistent ATR activation after S phase. This cell 

cycle regulated TERRA, hnRNPs arrangement leads to telomere capping till the next replication 

forks arrive (Flynn et al., 2011).  
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TRF1 is involved in Fibroblast growth factor (FGF) signalling pathway, which plays a major 

role in regulating human embryonic stem cells (hESC) self-renewal and survival (Zeng et al., 

2017). TRF1 is highly expressed in embryonic stem cells (ESCs) compared with somatic cells. 

TRF1 can be activated by FGF2 signalling pathway. TRF1 binds directly to TERRA and TRF1 

bound TERRA negatively regulates TERRA levels during the hESCs establishment. Decreased 

TERRA levels lead to loss of telomeric chromatin and telomere elongation. This pathway plays 

an important role in acquisition / maintenance of pluripotency in human embryonic stem cells, 

which may be involving TERRAs (Zeng et al., 2017).  

TERRA levels are found to be upregulated in HeLa cells upon TRF2 and TRF1 depletion but 

not with other shelterin components like POT1, RAP1, TIN2, TPP1 (Porro et al., 2014a). 

Further on, in cells without telomere protection (TRF2 depleted cells), TERRA increase was 

found to be due to enhanced transcription rather than improved stability thus maintenance of 

the transcripts (Porro et al., 2014a). Upregulation of TERRA transcripts in TRF2 depleted cells 

occurs independently of DDR pathways (e.g., P53/ATM /ATR) activation, hence TRF2 is 

thought to be a direct negative regulator of TERRA transcription (Porro et al., 2014a), (Porro 

et al., 2014b). Even though both TRF1 and TRF2 suppress TERRA transcription, they do so via 

distinct mechanisms.  TRFH domain region on TRF2 was mainly responsible for inhibition of 

TERRA transcription and the same domain is also responsible for preventing ATM pathway 

activation (Porro et al., 2014a). Therefore, this suggests that TERRA may work in parallel to 

ATM kinase pathway and increase in its transcription may represent an early step in telomeric 

DDR. TERRA increase in TRF2 depleted cells is responsible for increased recruitment of 

SUV39H1 (histone methyltransferase) to uncapped telomeres, which directly binds to TERRA, 

leads to chromatin reorganisation at dysfunctional telomeres (Porro et al., 2014b). 

Formation of RNA-DNA hybrids 

TERRA forms RNA-DNA hybrids or R-loops at chromosome ends (Pfeiffer and Lingner, 

2012). Accumulation of RNA-DNA hybrids at telomeres, leads to rapid senescence and 

telomere loss in absence of telomerase and HDR.
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Figure 14. Schematic diagram of functions of TERRA 
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Whereas, in absence of telomerase and presence of HDR, there is an increase in TERRA levels 

at shortened telomeres that promotes the telomere elongation by recombination process (Yu et 

al., 2014), (Balk et al., 2014).  At the shortened telomeres, TERRA is accumulated in nuclear 

foci that contain telomerase; thus, these clusters lead to recruitment of telomerase to the 

telomeres from which they originate in early S phase of cell cycle (Cusanelli et al., 2013).  

Telomerase preferentially elongates the shortened telomeres and then the TERRA levels reduce 

(Teixeira et al., 2004), (Porro et al., 2010). In yeast cells, accumulation of TERRA and R-loops 

occurs exclusively at short telomeres which contributes to DDR activation and recruitment of 

Rad51 recombinase (Graf et al., 2017).   In mouse cells, TERRA acts antagonistic to ATRX, 

competes with telomeric DNA for ATRX binding, suppresses ATRX localization and ensures 

telomeric stability. TERRA promotes alternative lengthening of telomeres (ALT) by 

suppressing both TA and ATRX (Chu et al., 2017). There are fundamental differences in yeast 

and human telomerases, as yeast telomerase is not regulated by TERRA (Pfeiffer and Lingner, 

2012).  

Formation of ribonucleoprotein complex 

Studies in mice have shown that RNA binding proteins (RBPs) such as heterogenous 

ribonucleoproteins are abundantly bound to TERRA and have a role in its regulation (López de 

Silanes et al., 2010).  hnRNP A1, A2/B1, H and F in large quantities bind to TERRA both in 

vivo and in vitro.  Each of these hnRNPs have their own individual specialist role as well as 

common functions, such as maintaining mRNA homeostasis both in nucleus and cytoplasm 

and interacting with other hnRNPs to form multiple alternatively spliced isoforms. hnRNP F 

acts as a repressor of TERRA levels and partly reduces their stability, whereas hnRNPs M and 

D block the access of TERRA transcripts to telomeres. Cells with shorter telomeres could be 

rescued on knocking down most of TERRA interacting RBPs, which was dependent on 

presence of telomerase. Downregulation of TERRA binding RBPs results in massive 

mobilization of TERRA to telomeres, which in turn protects them from inducing telomere 

dysfunction induced foci (TIF) (López de Silanes et al., 2010). TA and telomere elongation are 

regulated via the interaction of hnRNPs and TERRA with each other.  When hnRNPs are in 

excess, compared to TERRA levels, they inhibit the telomere elongation through biding to DNA 

substrate, whereas when TERRA levels are high, they can bind and inhibit TA.  When both 

hnRNPs and TERRAs are in equilibrium, they form inert complexes, which allow telomere 

extension by telomerase. Therefore, for telomere maintenance and elongation, balanced levels 

of TERRA and hnRNPs are required (Redon et al., 2013).  
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• Role of TERRA on telomere length  

In yeast cells, RNA exonuclease, Rat1p, degrades TERRA and promotes telomere elongation 

(Luke et al., 2008).  When Rat1p is mutated, TERRA accumulates and forms a DNA/RNA 

hybrid, which inhibits telomerase activity and further causes telomere shortening (Luke et al., 

2008).   

TERRA forms RNA-DNA hybrids or R-loops at chromosome ends (Pfeiffer and Lingner, 

2012).  Accumulation of RNA-DNA hybrids at telomeres leads to rapid induction of senescence 

and telomere loss, in absence of telomerase and HDR.  However, in the absence of telomerase 

and in the presence of HDR, there is an increase in TERRA levels at short telomeres that 

promotes the telomere elongation by recombination process (Yu et al., 2014), (Balk et al., 

2014).  In telomerase proficient cells, at the shortened telomeres, TERRA is accumulated in 

nuclear foci that contain telomerase; thus, these clusters lead to recruitment of telomerase to 

the telomeres from which they originate in early S phase of cell cycle (Cusanelli et al., 2013).  

Telomerase then preferentially elongates the shortened telomeres and consequently the TERRA 

levels are reduced with telomere elongation (Teixeira et al., 2004), (Porro et al., 2010).           

• Role of TERRA, is it a recruiter or inhibitor of telomerase at the 

telomere?  

In yeast cells, TERRAs were found to sequester and direct telomerase to the telomeres, which 

needed to be elongated (Cusanelli et al., 2013).  In mouse cells, where high levels of telomeric 

RNAs are associated with longer telomeres, they have been postulated to inhibit telomerase 

activity by base pairing with hTERC at the internal 5'-UUAGGG-3' repeats region that is 

complementary to the hTERC sequence (Schoeftner and Blasco, 2008). This phenomenon was 

also reported in human 293t cells (cells derived from human embryonic kidney cell line 

HEK293) where TERRAs inhibit telomerase by binding to hTERT (Redon et al., 2010).  As 

mentioned above, in wild type of budding yeast cells, TERRAs inhibited telomerase by forming 

RNA-DNA hybrids (Luke et al., 2008).   

During the cell cycle phases, TERRA together with hnRNPA1 (heterogenous ribonucleoprotein 

A1) assist in displacement of RPA and binding of POT1 to the ssDNA, leading to orderly DNA 

replication and capping (Flynn et al., 2011).  In another study, TERRA was found to be induced 

in cells with short telomeres and acted as a scaffold for spatial organisation of the telomerase 

components forming a TERRA-telomerase complex, which helped in recruitment of telomerase 
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to the telomere of its origin (Cusanelli et al., 2013). Therefore, TERRA is proposed to be a 

recruiter of telomerase enzyme to telomeres and for telomere elongation, rather than being an 

inhibitor (Cusanelli et al., 2013).   

Contrary to the lab based studies using yeast cells, in mouse cells and 293t cells, the TERRA 

like oligonucleotides have been shown to inhibit TA using TRAP and telomerase direct assays 

(Schoeftner and Blasco, 2008), (Luke et al., 2008), (Redon et al., 2010). In a study using 

alternative human cellular systems such as tiTEL system, which aimed to determine whether 

TERRA affect TA in vivo, demonstrated telomerase led telomere elongation is not affected by 

the transcription of the telomeres in human cancer cell lines such as HCT116 (human colon 

adenocarcinoma) and HeLA cells (human cervical cancer) (Farnung et al., 2012).  In these 

cells, it is postulated that shortening of telomeres may not be due to telomerase inhibition, but 

due to impaired replication due to integrity of the chromosomes affected by high levels of 

TERRAs (Farnung et al., 2012).   

 

• TERRA and carcinogenesis 

TERRA levels have been studied in various cancers, and they have been found to be closely 

related to tumourigenesis and levels appear to vary between individual cancer types.  

Cancers with high TERRA levels 

TERRA levels in human ovarian normal, cancer (primary and metastatic) samples were 

compared by Deng et al in their study. They reported that ovarian cancers (both primary and 

metastatic) had higher levels of TERRA compared to normal ovarian tissue (Deng et al., 2012). 

The same study also compared primary human cancers and matched normal tissue control 

biopsies from stomach, lung, and colon. This reiterated that TERRA levels were higher in 

cancers compared to matched tissue samples (Deng et al., 2012). TERRA levels were analysed 

for several different telomeres by chromosome specific quantitative reverse transcription PCR 

(qRT-PCR), however there were no consistency across which telomere TERRA was elevated, 

even if cancers were from the same organ. Therefore, they concluded that TERRA expression 

is increased in different human cancers, and they can be expressed from any chromosome, but 

this was variable amongst different cells and cancer types (Deng et al., 2012). Recently, Bae et 

al reported a higher 18p TERRA levels in colorectal cancers, and that was associated with long 

telomere length and seems to be tentatively significant, independent prognostic factor for long 

term oncologic outcomes (Bae et al., 2019). In a lung cancer study using the TCGA repository, 

levels of TERRA 15q, 1q-2q-10q-13q, and TERRA 20q were evaluated in tumour and normal 
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adjacent tissues of patients with non-small cell lung cancers (NSCLC) (Storti et al., 2020).  

They also reported an increase in TERRA 1q-2q-10q-13q levels and borderline increase in 

TERRA 20q levels in lung squamous cells cancers (LUSC). They finally concluded that 

telomere maintenance genes were differentially expressed in NSCLC and hence TERRA may 

be a potential biomarker for LUSC (Storti et al., 2020)      

Cancers with low TERRA levels 

Schoeftner and Blasco compared different stages of human cancers in larynx, colon and lymph 

node with normal tissue, wherein they reported that TelRNAs were significantly 

downregulated in advanced stages. However, in the information provided in their paper, the 

results from normal tissue have been compared to low and high grade tumour rather than stages 

of cancer (Schoeftner and Blasco, 2008). In another study, Sampl et al reported total TERRA 

levels in grade 4 glioblastoma multiforme to be 14-, 31-, 313-fold lower when compared with 

grade 3, grade 2, and non-malignant tissue respectively (Sampl et al., 2012). Amongst the 2p 

and 18p specific TERRA levels, only 2p TERRA levels correlated with tumour grade, hence 

they concluded that TERRA expression in gliomas to be chromosome specific and 

epigenetically regulated (Sampl et al., 2012).  Another study on mice osteoblasts, demonstrated 

that TERRA transcription to be Rb1 dependent, that TERRA is upregulated by p53 to protect 

genomic stability and that Rb1 loss resulted in decrease in TERRA transcription, which affects 

the telomere homeostasis (Tutton et al., 2016), (Gonzalez-Vasconcellos et al., 2017). Other 

sarcoma type tumours such as Ewing’s sarcoma and liposarcoma overexpress the RGG-

containing proteins, which were able to interact with G-quadruplex TERRA structure 

(Takahama et al., 2013), (Takahama and Oyoshi, 2013).  

It has been recently found that hepatocellular carcinoma (HCC) to be associated with 

significantly low levels of TERRA compared to peritumour tissues (Cao et al., 2020). In HCCs, 

low TERRA levels were associated with significantly poor disease free survival and overall 

survival than those HCCs that were associated with high TERRA levels (Cao et al., 2020). In 

the same study, TERRA levels positively correlated with TRF1, and inversely correlated with 

TRF2.  This study concluded that downregulation of TERRA promoted HCC cell growth and 

metastasis both in vivo and in vitro due to increased TA and promoted telomere elongation 

(Cao et al., 2020).    

Cancers with variable TERRA levels: 
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A study in head and neck squamous cell carcinomas (HNSCC) could be grouped into cancers 

with low TERRA and cancers with high/similar levels of TERRA when compared to adjacent 

normal tissue (Vitelli et al., 2018). Tumours with lower TERRA levels had worse clinical 

outcomes, and compared to this group, the tumours with higher levels of TERRA had a better 

prognosis. With these results, the authors felt that TERRA levels can be considered to be a 

potential molecular prognostic marker for HNSCC (Vitelli et al., 2018).  

Glioblastoma multiforme tumours with detectable TA and short telomeres had worse 

prognosis, whereas tumours with low or absent TA in presence of long telomeres (indicating 

and active ALT mechanism), were associated with a favourable prognosis (Sampl et al., 2012). 

Detectable TA and low TERRA levels predicted a worse survival outcome, but on the other 

hand, undetectable TA and high TERRA levels were associated with the best survival outcome 

(Sampl et al., 2012), therefore they concluded that, TERRA levels together with TA in 

astrocytomas may have a prognostic significance.   

In different types of cervical cancer cell lines, there was an abundance of TERRA and their 

stability was variable amongst different cervical cancer cells. However, there was no 

correlation of telomere length with TERRA levels (Oh et al., 2017).    

TERRA levels were high in tumours such as sarcomas and gliomas, that are associated with 

relative longer TL and the same was also true with somatic alterations in ATRX/ DAXX genes 

as they have been related to ALT telomere maintenance mechanism (Barthel et al., 2017).  

Considering the evidence from different studies, the observed variation at least partly may be 

due to factors such as the differences in techniques used to assess the TERRA expression. They 

include RNA fluorescence in situ hybridisation (RNA FISH), northern blotting, qRT-PCR, dot 

blotting. However, it is likely that the TERRA expression in human cancers is complex and 

depends on the cancer type, the telomerase and telomere biology of the cancer types and so 

some of the patient co-morbidities (Deng et al., 2012).  

With this background of TERRA in carcinogenesis, I aimed to explore whether TERRA was 

expressed in human endometrium, examined the alteration of TERRA levels specific to 

endometrial carcinogenesis, using patient derived biospecimens.  
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Research Hypotheses considered in this thesis 

• Pre analytical variables, such as timing of endometrial samples and method of 

sampling, change endometrial gene expression analysed by qPCR in EC samples 

• Harmonisation of the process of biobanking of biosamples relevant to EC research is 

possible   

• Core component of telomerase enzyme, hTERC levels are altered with endometrial 

carcinogenesis and thus may be a relevant biomarker of EC 

• Long noncoding TERRA levels composed of subtelomeric and telomeric repeat 

sequences are also altered with endometrial carcinogenesis and they may be biomarkers 

of EC 

• Since EC is a hormone responsive cancer, endometrial hTERC and TERRA transcription 

is hormonally regulated 
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Chapter 3: Preanalytical variables and their effect on gene 

expression in endometrial biospecimens 
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Introduction  

With 99,000 new cases per year in Europe (2012) and nearly 10,000 in the United Kingdom 

alone (2016-2018), EC is the most common gynaecological malignancy. Over the last decade, 

incidence rates have increased by over 50%, making EC the fourth most common malignancy 

in females in the UK (CRUK, 2016 - 2018), (Lortet-Tieulent et al., 2018). Survival in EC is 

90% in stage 1, thereafter it decreases in every stage to 15% in stage 4 (Office for National 

Statistics, 2019). Endometrial research is fundamental to discover and improve our 

understanding of the pathogenesis of EC, particularly with a focus on novel prognostic 

indicators and therapeutic targets. Biospecimens from patients are essential to conduct 

translational research to achieve this. Therefore, biobanks play a vital role in EC research for 

the translation of laboratory scientific findings to clinical practice.  

The use of banked human tissue represents an invaluable resource for the understanding of the 

underlying pathogenesis in EC (Lee et al., 2015b). However, the validity of data generated with 

patient samples depends greatly upon specimen quality. Many variables influencing human 

tissue biopsies can result in altered protein and gene expression due to RNA degradation 

(Jewell et al., 2002). Wide variation in the collection, processing and storage can results in 

divergent and irreproducible data (Adishesh and Hapangama, 2019). Inequality of 

biospecimens is one of the biggest flaws in biomarker discovery, and this can lead to bias prior 

to analysis (Ransohoff and Gourlay, 2010). Harmonisation of biobanking standards is vital to 

facilitate data sharing, thus expedited advances in research (Sheldon et al., 2011), (Adishesh et 

al., 2017), (Adishesh and Hapangama, 2019).  

Pre-analytical variables are defined as factors which have an effect on tissue samples before 

analysis, during sample collection, processing, or storage. The understanding of pre-analytical 

factors is necessary because the molecular composition of tissues may be altered with their 

variance, ultimately affecting downstream analysis (Grizzle et al., 2016). Numerous studies 

have reported many factors influencing gene and protein expression data, these are wide 

ranging and may be biobanking specific or secondary to the patient characteristics (Almeida et 

al., 2004), (Ma et al., 2012), (Lee et al., 2015b), (Grizzle et al., 2016), (Pedersen et al., 2018).  

Warm ischaemia is defined as the time a tissue is at body or room temperature with a 

compromised blood supply before tissue collection and processing and it is proposed to 

significantly alter gene and protein expression (Huang et al., 2001), (Schlomm et al., 2008), 

(Gündisch et al., 2015), (Grizzle et al., 2016), (Pedersen et al., 2018). Post-hysterectomy 
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endometrial biopsies undergo warm ischaemia as a result of a delay from devascularisation to 

resection of the uterus and eventual tissue collection.  

In this study we report the effect of pre analytical variables such as timing of the sample 

collection (pre or post hysterectomy) and the different sampling methods (pipelle samples or 

full-thickness biopsies) on the gene expressional analysis in the endometrial samples. Since, I 

intended to examine the expression of the mRNA levels for hTERC and TERRA in my PhD 

project, the effects of the pre-analytic variables considered here on the gene expression levels 

would inform the best methods of sample collection and sample selection for the studies 

described later in the thesis. 

Therefore, in this study, we examined the expression of three downstream genes regulated by 

HIF-1. HIF-1 generates an inflammatory response and angiogenesis in response to hypoxia 

through transcriptional activation of angiogenic genes, such as downstream target and gene of 

interest, vascular endothelial growth factor A (VEGFA) and carbonic anhydrase 9 (CA9). 

VEGFA is a dominant inducer of blood vessel growth, mediating angiogenesis from pre-

existing vessels (Shweiki et al., 1992).  The enzyme CA9, is a transmembrane protein induced 

by hypoxia thus, is also a cellular biomarker of hypoxia, particularly in tumours and one of the 

most sensitive endogenous sensors of hypoxia inducible factor 1 (HIF-1) activity (Kaluz et al., 

2009). Progesterone receptor (PR) protein is typically reduced in advanced EC and is 

associated with poor prognosis (Yang et al., 2014) and has been chosen for analysis because of 

its prognostic relevance. Furthermore, it also is a hypoxia related gene regulated by HIF1 

(Henriquez et al., 2017). 

Overall, there are limited studies analysing the effects of pre-analytical variables in patient 

derived bio-samples and they are particularly unexplored in the endometrium. Patient tissue 

samples demand high standards of biobanking for their effective use in translational medicine. 

Stringent and consistent standards for collecting biospecimens are paramount and current 

practices must be validated. We require a better understanding of pre-analytical variables to 

meet necessary standards and minimise the effect of specimen handling on expressional 

analysis. The aim of this study is to examine the effect of pre analytical variables on 

downstream analysis on benign endometrium and EC samples.  

Methods  

Patient population 

Details of the Ethical approval is described in page 15. Group 1 consisted of 16 women 

undergoing hysterectomy for benign pathologies (e.g., prolapse, heavy menstrual bleeding, 
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without known endometrial abnormalities) including 4 myometrial samples and Group 2 

included 31 women with a diagnosis of EC undergoing hysterectomy as the surgical treatment, 

not having had previous chemo/radiotherapy (Table 1). Pre hysterectomy samples were taken 

using a pipelle endometrial suction curette after induction of anaesthesia in all women. Post 

hysterectomy samples were collected immediately after the uterus was removed from the 

patient in theatre. From the surgically removed uterus endometrial samples were collected 

using two previously described and well-established methods; one using a pipelle in both 

groups and a further full thickness, post-hysterectomy biopsy was harvested only from women 

in Group 1 (Table 1). The full thickness biopsy was taken by removing a wedge shaped full 

thickness section of endometrial mucosa spanning the lumen to the myometrium, including 

both functional and basal layers of the endometrium.   

Table 1. Groups of patients and types of endometrial samples collected 

 

 

 

Group 1: Benign 

pathologies  

 

Pre hysterectomy 

 

 

Pipelle endometrial samples, n = 12 

 

 

Post hysterectomy 

 

Pipelle endometrial samples only, n = 2 

Full thickness and pipelle endometrial samples, n = 4 

Full thickness endometrial samples only, n = 4 

Myometrial samples, n = 4 

 

 

 

Group 2: EC 

 

Pre hysterectomy 

 

 

Pipelle samples, n = 31 

 

Post hysterectomy 

 

 

Pipelle samples, n = 28 

 

Out of 12 benign pre hysterectomy samples, two samples were excluded as one of the samples 

did not have sufficient amount of tissue, but contained mainly blood, and the second sample 

had poor quality of RNA. Additionally in another recruited woman, we only had the post 

hysterectomy samples of a pipelle and full thickness biopsy but did not have paired pre 

hysterectomy pipelle sample. This patients samples were included in the analysis to compare 

the data derived from matched post hysterectomy samples collected using the 2 different 

methods. Amongst the 31 EC samples, six were excluded; because four were unpaired (only 

pre or post hysterectomy samples were obtained), one sample contained complex atypical 

hyperplasia only, and one pair was removed due to them not being labelled legibly (excluded 

n=6). Of the remaining 25 EC samples, 11 samples were excluded from PCR analysis as the 

RNA quality was poor. Therefore, the final analysis includes mRNA levels using qPCR from 
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9 benign, 14 EC paired samples and four myometrial samples. Details of samples collected,    

excluded and used for PCR are given in table 2A and 2B.  

Following FIGO guidance (Zaino et al., 1995), gynaecological pathologists allocated 

histological descriptors for EC type and grade. Normal endometrial samples were assigned 

phases according to histological features and last menstrual date as described by Kamal et al. 

(Kamal et al., 2016a).  

Patient clinico-pathological and demographic details were collected from the patients at the 

time of recruitment and verified by review of hospital notes and clinical databases. None of the 

patients received hormonal treatment, chemotherapy, or radiotherapy before surgery. See Table 

3 for patient cohorts and demographics. 

 

 

 

 

 



95 
 

 

 

 

 

Table 3  Demographic details of patients included in the study 

Sample 

no 

Age BMI Hormones Stage of cycle PCR 

1 43 37 nil Unknown Y 

2 47 28 nil Proliferative Y 

3 43 20 nil Mid cycle Y 

4 37 33 nil Proliferative Y 

5 40 21 nil Secretory Y 

6 24 24 nil Unknown Y 

7 34 32 nil Unknown Y 

8 34 29 nil Proliferative Y 

9 40 24 nil Mid cycle Y 

10 36 31 nil Proliferative Y 

 

Sample 

no 

Age BMI Type of cancer Stage of 

cancer 

PCR 

1 68 23.9 Endometrioid adenocarcinoma, grade 1 1B Y 

2 79 51.4 Carcinosarcoma 1A Y 

Table 2B Final number of total samples used for PCR 

analysis 
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3 76 26.7 Serous carcinoma  1A Y 

4 59 36 Endometrioid adenocarcinoma, grade 1 1A Y 

5 83 - Carcinosarcoma 1A Y 

6 73 37 Endometrioid adenocarcinoma, grade 1 1B Y 

7 67 23.3 Endometrioid adenocarcinoma, grade 1 1A Y 

8 59 41.9 Endometrioid adenocarcinoma, grade 1 1A Y 

9 73 34 Endometrioid adenocarcinoma, grade 3 1B Y 

10 58 36 Endometrioid adenocarcinoma, grade 1 1B Y 

11 67 28.2 Endometrioid adenocarcinoma, grade 1 1B Y 

12 73 36.3 Endometrioid adenocarcinoma, grade 3 1A Y 

13 74 34 Carcinosarcoma with heterologous 

differentiation 

1B Y 

14 65 25.8 Endometrioid adenocarcinoma, grade 3 1B Y 

 

Collection and transportation of EC tissue samples  

EC tissue samples were collected from patients attending for their primary surgery in theatre, 

before and after surgery. All EC tissue samples were collected using pipelle sampler. Paired 

pre and postoperative biopsies were collected from women with a diagnosis of EC immediately 

before and immediately after the uterus was removed from the patient at hysterectomy and 

placed in (1) RNA later solution kept on ice and (2) in  neutral buffered formalin (NBF) and 

transferred to the University of Liverpool laboratory at Liverpool Women’s Hospital (LWH) 

using a safe  method approved by transport regulations (Recommendations of a United Nations 

Committee of Experts on the Transport of Dangerous Goods – UN model regulations) 

immediately for processing.  

The pre operative biopsy was fixed immediately after obtaining the sample in the theatre and 

post operative biopsy sample was obtained as soon as the uterus was removed from the patient 

and fixed into the above solutions immediately. Immediately following removal the samples 

were placed in neutral buffered formalin (NBF) or RNA later. RNA later was aspirated prior 

to storage at -80°C until RNA extraction. Samples in NBF were stored at 4°C for 24 hours and 

subsequently processed and impregnated in paraffin wax for long term storage at room 

temperature. The laboratory is situated in the same building as the operating theatres with 

minimum transport time (typically about 5 minutes on foot). 

Tissue processing and storage  

After the tissue samples were transported to the laboratory, sample IDs were checked, and the 

accuracy of labelling of different tubes were re-confirmed by the trained lab personnel 
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receiving the sample in the lab. The details such as sample ID, date of collection, type of 

samples and name of the person processing the samples were entered into the sample reception 

log. Labelled RNA later samples were placed in a refrigerator for 24 hours before the solution 

was aspirated and cryotube stored in -80°C freezer. The portion of tissue placed in NBF was 

left for 24 hours in fridge allocated for the sample reception and processed the next day. The 

freezer log was updated, and location of the tissue noted after each sample was collected and 

different tubes were stored in -80°C  freezer.   

RNA extraction and quantification  

RNA extraction is an important step in production of complementary DNA (cDNA) for 

subsequent PCR. RNA can be extracted using multi component kits, which are quick and 

reliable. Silica-cartridge purification of RNA is the recommended RNA purification method in 

the gene expression industry. The commonly used TRIzol reagent maintains RNA integrity, 

disrupts cells, dissolves cellular components, and inhibits RNAses. We used TRIzol Plus RNA 

Purification Kit (Invitrogen Ltd., Paisley, United Kingdom) following the manufacturer's 

protocol.  

Tissues treated with RNAlater were homogenised using 1 ml of TRIzol. Chloroform (0.2mls) 

(Sigma, Poole, UK) was added and mixed for 60 sec followed by incubation for 5 min at room 

temperature. Samples were then centrifugated at 12,000g for 15 min at 4°C. The upper aqueous 

phase containing RNA was transferred to a new RNAse-free tube. An equal volume of 70% 

ethanol was then added and vortexed. About 700 μl of RNA/ethanol solution was loaded into 

a purelink RNA mini kit spin cartridge and centrifuged at 12,000g at room temperature for 30 

seconds. The spin cartridge has a silica based membrane to which RNA binds. The flow 

through was discarded and this step repeated till the whole sample was processed. 700 μl of 

wash buffer 1 was then added to the cartridge and centrifuged at 12000g for 30 seconds at room 

temperature. This was then followed by washes with wash buffer 2 and centrifugation to dry 

the membrane. The spin cartridge was then transferred to new recovery tubes where 30 μl of 

RNAse free water was added to the centre of the spin cartridge and centrifuged for 2 mins at 

12,000g at room temperature. The purified RNA was stored in -80°C freezer.    

RNA concentration and purity was determined using NanoDrop ND-1000 (Thermo Fisher 

Scientific, Loughborough, UK). A260/A280 ratio of 2.0 was considered as suitable for 

downstream reactions.   

DNAse treatment 
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This step is to treat the RNA extracted with DNAse enzyme so as to ensure the removal of all 

genomic DNA. 8μl RNA was treated with 1μl of RQ1 DNAse (DNAse 1 enzyme) in presence 

of 1 μl 10 X DNAse reaction buffer and was incubated at 37°C for half hour. 1 μl stop buffer 

(Promega, Hampshire, UK) was added and placed in 65°C for 10 mins to stop the reaction.  

The 11 μl RNA was then either stored in - 80°C freezer or used for cDNA synthesis.   

cDNA synthesis 

mRNA isolated was converted to cDNA in a reaction catalysed by reverse transcriptase.  The 

reverse transcriptase enzyme acts on a single strand of mRNA, random hexamers and DNA 

bases were added to bind to different parts of sequence acting as primer to generate the 

complementary DNA strand. 1000ng RNA, random hexamer primers and nuclease free water 

were made up to 8 μl volume in total.  This was incubated at 70°C for 5 mins to denature RNA.  

Further on 10 μl of AMV reaction mix and 2 μl of AMV enzyme mix was added. To the 

negative control sample, instead of the enzyme mix, 2 μl of nuclease free water was added (no 

reverse transcriptase (NRT) control). 20 μl mix was then incubated at 25°C for 5 mins, 42°C 

for one hour.  The enzyme was inactivated when incubated at 80°C for 5 mins. This was then 

diluted with 30 μl of nuclease free water to make 50 μl in total and stored in -20°C freezer till 

used for PCR.  

PCR 

The PCR is a commonly used technique for amplification of DNA, cDNA or whole genome.  

This method was developed by Kary Mullis in 1983. This process uses DNA polymerase 

enzyme to synthesise complementary new strand of DNA from the substrates. DNA 

polymerase adds nucleotides to the 3` end on a custom-made oligonucleotide strand when it is 

annealed to a longer DNA template. The steps in PCR were: 1) Denaturation - DNA template 

was heated to 94°C. This breaks the weak hydrogen bonds that hold DNA strands together, 

creating two separate single DNA strands.  2) Annealing – The mixture was cooled to 50-70°C. 

This allows the primers to bind to their complementary sequence in the template DNA.  3) 

Extension – The reaction was heated to 60°C, which is the optimal temperature for the DNA 

polymerase to act. DNA polymerase extends the primers, adding nucleotides onto the primer 

using the DNA as template. In one cycle, single DNA strand was amplified to two double-

stranded DNA, which are further amplified. As cycles go on, more copies are generated, and 

the increase is exponential.   
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qRT-PCR and optimisation  

This type of PCR allows both detection and quantification of DNA. The quantity can be 

absolute number of copies or a relative amount when normalised to a reference gene. The qRT 

PCR procedure is similar to PCR, the only difference being that the amplified DNA is detected 

at the end. Products are detected by a nonspecific fluorescent dye such as SYBR Green, that 

binds to the double stranded DNA. Increase in DNA product leads to increase in fluorescence 

intensity and is measured each cycle, thus quantifying the amount of DNA produced. All 

sample preparation is carried out on ice in an RNase/ DNase free area, using DNase/RNase 

free sterile filter pipette tips. All reagents needed were removed and thawed on ice. Before 

commencing any work, the PCR hood was cleaned with trigene and ethanol and UV light 

treated for 10 minutes. In each run, in addition to target samples, a no-template control and a 

no RT control were also run. To prevent pipetting error, master mixes were produced 

(containing iTaq, forward, reverse primers and nuclease free water). For each reaction 3 

technical replicates were performed to ensure results were reproducible. For every template 

sample a reference gene primer was run. Housekeeping genes like peptidylprolyl Isomerase A 

(PPIA), actin were used to ensure the same amount of cDNA is loaded between template 

samples. 9µl of master mix was added into each well and 1µl of cDNA is added in triplicates 

into separate wells to make the final volume of 10 µl in each well. For no RT control 1µl of 

NRT control sample and for no template control 1 µl of nuclease free water were added. After 

all samples were added into the 96 well plate, it was covered with adhesive plate sealing film. 

Once centrifuged to make sure the samples are at the bottom of the well, the plate is loaded 

onto the thermocycler. The reaction was set as per conditions optimised for each target at 40 

cycles. There are different methods for analysing the qPCR data, the ΔΔCT/ΔΔCq method 

assumes the primers of the target gene and reference gene are 100% efficient giving a relative 

quantification. The Pfaffl method uses standard curve to determine the efficiency of the primer. 

Primers were used with different concentrations of cDNA; a linear graph is produced and the 

correlation coefficient and efficiency of the primers calculated from the slope (E=10(-1/slope)). 

The last method is the standard curve method which uses same principle as the Pfaffl method 

but involved doing a standard curve in every reaction. The Pfaffl method was used for all qPCR 

based work in this study.  

Forward and reverse primers and reaction conditions are listed in table 3 and table 4 

respectively.   
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Relative mRNA transcript expression for VEGFA, CA9 and PGR was calculated using the 

ΔΔCT method, normalised to the reference genes, beta actin (ACTB) and PPIA using Bio Rad 

CFX Manager (Bio-Rad, Hertfordshire, UK). 

Gene expression analysis  

For gene expression studies, relative quantification is considered to be the best method. Ct 

method is the post popular method used to compare the results of the samples with a calibrator 

and the geometric mean of the normalisers. Both the sample and calibrator are adjusted in 

relation to the mean of the normalisers Ct from the same samples. The resulting Ct value is 

incorporated to determine the fold difference in the expression.   

Fold differences = 2-Ct  

Ct = Ct sample - Ct calibrator 

Ct sample = Ct target - Ct reference 

            Ct calibrator = Ct target - Ct reference  

 

Table 3. Primer Information 

Target Primer Sequence/Assay Information 
Primer 

Mixes 
Company Reference 

 

PPIA 
Fwd 5’-AGACAAGGTCCCAAAGAC-3' Separate: 

fwd and 

rev 

Sigma 
(Jacob et al., 

2013)   

 

Rev 5’-ACCACCCTGACACATAAA-3'  

ACTB 
Fwd 5’-TGTACGCCCAACACAGTGCTG-3' Separate: 

fwd and 

rev 

Sigma 

(Arnoult et 

al., 2012) 
 

Rev 5’GCTGGAAGGTGGACAGCGA-3'   

PGR 

Fwd 5’-CAGTGGGCGTTCCAAATGA-3' 

Combined Sigma 
(Henderson et 

al., 2003) 

 

Rev 

5’-

TGGTGGAATCAACTGTATGTCTTGA-

3' 

 

VEGFA Assay 

Assay ID: qHsaCED0043454 

Combined  Bio-Rad 
Commercially 

available 

 

RefSeq:    NC_000006.11, NG_008732.1, 

NT_007592.15 
 

CA9 Assay 

Assay ID: qHsaCID0017667 

Combined Bio-Rad 
Commercially 

available 

 

RefSeq:  NC_000009.11, NG_011620.1, 

NT_008413.18 
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Statistical analyses 

Data across different groups was analysed using Graph Pad Prism 5 (Graph Pad Prism software, 

La Jolla California, USA) using non-parametric tests (Mann-Whitney U test and /or Wilcoxon 

matched paired tests). The criterion for significance was p≤0.05.   

Table 4. qPCR reaction conditions 

T
a

rg
et

 G
en

e 

  Initial 

Denature 

Denature Anneal/ 

Extension 

Cycles Extension 

PPIA  95°C 2min 

 

95°C 5s 60°C 30s 40  

ACTB  95°C 10 

min 

98°C 5s + 

95°C 10s 

60°C 30s  

 

40  

PGR  95°C 6min 95°C 10s 60°C 20s 

 

40 72°C 30s  

VEGFA  95°C 2min 

 

95°C 5s 60°C 30s 40  

CA9  95°C 2min 

 

95°C 5s 60°C 30s 40  

Abbreviations: PPIA, peptidylprolyl isomerase A; ACTB, beta-actin; PGR, progesterone receptor; 

VEGFA, vascular endothelial factor A; CA9, carbonic anhydrase 9. 

Results 

VEGFA and PR mRNA levels were significantly increased in the endometrial 

samples taken after hysterectomy   

When the pre-hysterectomy endometrial biopsies were compared with the paired post-

hysterectomy biopsies (n=23 pairs), the VEGFA (P=0.005) and PR (P=0.05) mRNA levels 

were significantly increased in the post hysterectomy samples (Figure 1). This sample set 

included biopsies from women with and without endometrial pathology. There was no 

significant difference in CA9 mRNA level between the pre and post hysterectomy biopsies.  

 

The observed difference in gene expression was apparently specific to endometrial 

samples from women without EC 

To assess if the observed difference in gene expression levels associated with the timing of the 

endometrial sampling was specific to either benign or EC, the study cohort was split into benign 

and cancer groups and analysed separately. In the benign group, pre-hysterectomy pipelle 

endometrial biopsies (n=9) were compared with the paired post-hysterectomy pipelle biopsies 

(n=6) while the cancer samples, pre and post hysterectomy were all pipelle samples. 
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Figure 1. Effect of timing of endometrial samples on VEGFA, CA9 and PR expression levels. 

When pre hysterectomy samples were compared with paired post hysterectomy samples 

(n=23), there is significant increase in VEGFA (**P= 0.005, Wilcoxon matched paired test) 

and PR (*P= 0.05, Wilcoxon matched paired test) levels in post hysterectomy samples whereas  

no significant difference was observed in CA9 levels between pre and post hysterectomy 

samples.   

 

Amongst the benign endometrial samples, there was an apparent but not statistically significant 

increase in VEGFA (P= 0.06) mRNA levels in the post hysterectomy pipelle samples, however, 

there was limited number of post hysterectomy pipelle samples available for the analysis 

(Figure 2).  

When the EC group was considered, the expression levels of VEGFA, CA9 and PR in pre 

(n=14) and post hysterectomy pipelle (n=14) samples were similar (Figure 3).  
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Figure 2. Effect of timing of samples on VEGFA, CA9 and PR expression levels in Benign 

endometrial samples. When pre hysterectomy samples (n=9) were compared with paired post 

hysterectomy samples (n=6), there was a slight increase in VEGFA (P=0.06, Wilcoxon matched 

paired test), CA9 (P= 0.19, Wilcoxon matched paired test) and PR (P=1, Wilcoxon matched 

paired test) levels in post hysterectomy samples.   
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 Figure 3. Effect of timing of samples on VEGFA, CA9 and PR expression levels in EC 

samples. When pre hysterectomy samples (n=14) were compared with paired post 

hysterectomy samples (n=14), there was no significant difference in VEGFA (P= 0.09, 

Wilcoxon matched paired test), CA9 (P= 0.10, Wilcoxon matched paired test) and PR (P= 0.43, 

Wilcoxon matched paired test) levels in post hysterectomy samples.   

 

Use of different sampling methods in benign endometrial samples shows significantly 

higher VEGFA and PR expression in full thickness samples 

Comparison of pre hysterectomy endometrial pipelle samples with post hysterectomy full 

thickness endometrial samples in healthy women with benign gynaecological conditions 

showed a significant upregulation of VEGFA and PR (VEGFA **P=0.002, PR *P=0.02) 

mRNA levels. Subsequently, we investigated whether this upregulation of VEGFA and PR 

could be due to myometrial contamination that is possible in full thickness endometrial 

samples. A significant increase in VEGFA mRNA expression levels were observed in 

myometrium samples when compared to pre-hysterectomy pipelle samples (VEGFA *P=0.01). 

In contrast, there was no significant difference in myometrial PR mRNA expression levels 

when compared to the pre hysterectomy samples (PR P=0.11) (Figure 4).    
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 Figure 4. Comparison of VEGFA and PR expression levels in benign pre hysterectomy pipelle 

(Pre P), post hysterectomy full thickness (Post F) and myometrial (Myo) samples. VEGFA 

expression significantly high in post hysterectomy full thickness samples and myometrial 

samples compared to pre hysterectomy pipelle samples (pre hysterectomy pipelle endometrial 

samples vs post hysterectomy full thickness endometrial samples  **P=0.002, Mann Whitney 

test; pre hysterectomy vs myometrium samples  *P=0.01, Mann Whitney test). PR expression 

was significantly high in post hysterectomy full thickness samples but no significant difference 

in myometrial samples compared to pre hysterectomy pipelle samples (pre hysterectomy 

pipelle endometrial samples vs post hysterectomy full thickness endometrial samples  *P=0.02, 

Mann Whitney test; pre hysterectomy vs myometrium samples  P=0.11, Mann Whitney test).  

 

Testing the hypothesis that EC studies can be affected by imprecise timing of sample 

collection and variable sampling methods  

We examined the effects of preanalytical variables of timing and the endometrial tissue 

harvesting  method on a typical biomarker study examining the differential expression of two 

biomarkers VEGFA and CA9 in EC, to test the above hypothesis. The data were analysed in 

the following three possible ways to illustrate how these variables can affect the final results 

obtained in a typical biomarker study.  

Example 1. Differential expression of genes of interest when endometrial samples were 

collected before hysterectomy (Figure 5) 

When VEGFA, CA9 and PR mRNA expression levels are measured between benign and cancer 

samples collected prior to the hysterectomy using pipelle endometrial samplers, a significant 

upregulation of VEGFA and CA9 levels (VEGFA P=0.003, CA9 P=0.001; Mann Whitney test) 

were observed in the cancer samples, in comparison with the benign endometrium. There was 
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a slight downregulation of PR mRNA levels however this difference was not statistically 

significant (P=0.47).  

 

 

Figure 5. Comparison of effect of timing of samples on VEGFA, CA9 and PR mRNA 

expression levels by qPCR in normal and EC pipelle pre hysterectomy samples. When pre 

hysterectomy normal pipelle samples (n=9) were compared with pre hysterectomy EC pipelle 

samples (n=14), there was significant upregulation in VEGFA (**P=0.003, Mann Whitney 

test), CA9 (***P= 0.001, Mann Whitney test) but no significant drop in PR (P=0.47, Mann 

Whitney test) expression levels in pre hysterectomy cancer samples.   

 

Example 2. When endometrial samples were collected after hysterectomy (Figure 6) 

Contrastingly, when pipelle samples were collected from a uterus that was detached from the 

patient at the end of hysterectomy, there was a significant downregulation in VEGFA mRNA 

levels was observed in cancer samples (P= 0.03, Mann Whitney test) when compared with the 
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benign endometrial samples. However, there was no significant difference in CA9 and PR 

levels.  

 

Figure 6. Comparison of effect of timing of samples on VEGFA, CA9 and PR expression levels 

in benign and EC pipelle post hysterectomy samples. When post hysterectomy normal pipelle 

samples (n=6) were compared with post hysterectomy EC pipelle samples (n=14), there was 

significant upregulation in VEGFA (*P= 0.03, Mann Whitney test) but no significant change 

in CA9 (P=0.08, Mann Whitney test) and PR (P=0.71, Mann Whitney test) expression levels 

in post hysterectomy samples.   
 

Example 3. When benign endometrial samples were collected either as full thickness 

biopsies or as pipelle biopsies after hysterectomy (Figure 7) 

In patients with no known endometrial pathology, there were two endometrial tissue sampling 

methods that could be used, a pipelle sampler or taking a full thickness wedge biopsy. These 

are commonly utilised methods in benign endometrial research (Armstrong et al., 2017), 

(Maclean et al., 2020). The uterus should only be opened by a trained pathologist in cases of 
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suspected or known cancer for clinical staging that has a direct influence on further treatment 

and predicting prognosis. Therefore, in cancer patients, researchers usually collect a pipelle 

endometrial sample for immediate placement in RNA later for qPCR studies, preserving the 

uterus intact for pathological staging. When the full thickness post hysterectomy benign 

endometrial samples were compared with post hysterectomy cancer samples obtained with the 

pipelle sampler, there was a significant increase in CA9 mRNA levels (P= 0.012,  Mann  

Whitney test) and a significant decrease was observed in PR levels (P= 0.002,  Mann Whitney 

test).    

 

 

Figure 7. Comparison of effect of timing of samples on VEGFA, CA9 and PR mRNA expression 

levels in normal post hysterectomy full thickness endometrial samples and EC pipelle post 

hysterectomy samples. When post hysterectomy normal full thickness endometrial samples 

(n=8) were compared with post hysterectomy EC pipelle samples (n=14), there was significant 

upregulation in, CA9 (*P= 0.01, Mann Whitney test) and significant downregulation in PR 

(**P=0.002,  Mann Whitney test) but no significant change in VEGFA (P=0.76,  Mann Whitney 

test) expression levels in post hysterectomy samples.   
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PR expression is significantly reduced in high grade cancers independent of 

the timing of the biopsy 

Amongst different grades of ECs, PR expression is significantly reduced in high grade cancers 

(HG) independent of the timing of the biopsies (low grade (LG) vs HG pre hysterectomy 

*P=0.03; LG vs HG post hysterectomy **P=0.01;  Mann Whitney test) (Figure 8). 

 

                 

Figure 8. Comparison of PR mRNA expression levels in low grade (LG) versus high grade 

(HG) EC pre and post hysterectomy (Pre and Post) samples. PR expression was significantly 

low in HG pre (n=7)  and post (n=7) samples when compared with LG Pre (n=7) and Post 

(n=7) samples respectively (PR Pre LG vs HG *P=0.03, Mann Whitney test; PR Post LG vs 

HG **P=0.01, Mann Whitney test).  

 

Discussion 

Traditionally, endometrial samples for research are obtained after hysterectomy. Since some 

previous reports suggest that warm ischaemia may affect gene expression, this study was 

designed to examine the effect of preanalytical variables such as timing of endometrial samples 

either pre/post hysterectomy, and sampling methods in addition to the disease processes on 

three endometrial bio-markers in human endometrial samples. The samples were collected 

from women with and without EC , before and after hysterectomy using two different sampling 

methods. Our data has highlighted important effects of the time and the method employed in 

harvesting endometrial sample will affect the results, in addition to the difference relevant to 

EC, i.e., the disease process. 
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Post-hysterectomy endometrial samples are influenced by warm ischaemia due to the delay 

between devascularisation through the clamping of both uterine arteries, and subsequent 

sample collection from the surgically resected uterus, removed from the patient. Several 

previous studies examining the liver and the prostate have shown that warm ischaemia has a 

significant impact on different proteins and gene expression (Schlomm et al., 2008), (Gundisch 

et al., 2012).  

When examining the effects of the pre analytical variable of time on expression of the genes 

of interest, we found that the timing of the biopsy had significant effect on markers, VEGFA 

and PR levels. This change seen between pre and post hysterectomy samples is most likely due 

to effect of warm ischaemia on gene expression. The expression of VEGFA, CA9 and PR 

mRNA levels were detected to be apparently higher in benign post hysterectomy samples and 

this is possibly due to the influence of warm ischaemia. However, further studies including a 

larger non-cancerous endometrial sample set is required to confirm this. In EC samples, gene 

expression of VEGFA, CA9 and PR were similar in pre and post hysterectomy samples and we 

believe this to be related to the hypoxic environment that cancer tissues exist in, due to their 

unregulated-proliferation and they also constantly outgrow their blood supply. Benign cells are 

different to cancer cells due to many metabolic pathways being active and the way benign cells 

handle hypoxia varies from a cancer cell, these fundamental differences are the reason for the 

variation in results between these samples. Cancers are hypoxic and also have lot of 

neovascularisation, they exist in a hypoxic environment already prior to hysterectomy, this 

makes their response different to benign endometrium when vascular supply is interrupted.   

Benign endometrial samples could be collected using different methods such as pipelle, or as 

full thickness biopsy. There was a significant increase in VEGFA, PR levels in full thickness 

samples compared with pipelle samples, and this may be due to myometrial contamination in 

the full thickness samples since our data demonstrated high VEGFA levels in myometrium and 

the levels of full thickness endometrium were similar to the myometrium only biopsy levels. 

In our unit at Liverpool Women’s Hospital, the pathology set up did not allow obtaining full 

thickness samples from cancer samples as this would incur half hour delay during transport to 

pathology lab, this delay would invariably result in variation in gene expression levels as 

already known from previous studies.  

Under normoxia, enzymes prolyl hydroxylase domain proteins (PHDs) induce degradation of 

HIF-1α. Hypoxia inhibits PHDs and stabilizes HIF-1α, which then translocates into the nucleus 

and dimerizes with constitutively expressed HIF-1β, creating active HIF-1 complex and 
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triggering the transcription of genes promoting glycolytic metabolism, angiogenesis, and 

survival (Fan et al., 2014). Tissue hypoxia is a common phenomenon in malignant tumours 

(Muz et al., 2015), and this may explain the significant change in VEGFA and CA9 levels in 

cancer samples compared to normal endometrium. This effect was retained with VEGFA when 

biopsies were collected before or after hysterectomy, when the comparison was made with the 

benign and cancer samples collected at the same time. However, CA9 levels were only 

significantly different, in the pre-hysterectomy samples, and their significant difference was 

lost when the biopsies were obtained from post hysterectomy pipelle samples. This is intriguing 

and may be due to the effect of warm ischemia on post hysterectomy benign samples. The 

expression of PR did not change much between pre and post hysterectomy samples, with that 

we can conclude PR to be a robust, prognostically relevant marker in EC. HIF1A mRNA levels 

were not examined because HIF1A gene is constitutively expressed in order to rapidly respond 

to hypoxic changes at the protein level. Further work by our group (A. Maclean) examined 

changes in the protein levels for HIF1A, CA9, VEGFA, and PR using immunohistochemistry, 

to correlate  with the gene expression data from my study, and these are included in the recent 

publication from our group (Maclean et al., 2022).  

The change in the gene expression profile seen in our study in EC samples is similar to a 

previous study by Liu et al. reporting a significant downregulation of gene expression profile 

with prolonged warm ischaemia in renal cell carcinomas (Liu et al., 2013). Several studies have 

previously suggested warm ischaemia causing significant changes in gene expression in 

various cancer tissues such as renal cell carcinomas, colon cancer, prostate cancer (Huang et 

al., 2001), (Spruessel et al., 2004a), (Lin et al., 2006), (Schlomm et al., 2008). Kitson et al 

conducted an immunohistochemistry based study examining effect of hypoxia on protein level 

in EC samples. They concluded that the common biomarkers in EC such as Ki67, hormone 

receptors are significantly lower in hysterectomy specimen compared to endometrial biopsy 

performed prior to surgery (Kitson et al., 2019). In my study, I have focussed on gene 

expression levels in cancer as well as benign endometrial samples. The fact that gene 

expression is not directly mirrored by protein expression is well established and a prime 

example of this is HIF1A, where the protein levels are affected rapidly by hypoxia without 

affecting the gene expression.  

It is evident that pre-analytical variables may have a considerable and unpredictable effect on 

the analysis of many downstream genes, and therefore it is imperative that the researchers take 

steps to control these and such variables, remain consistent between different groups included 



112 
 

in a single study and/or ideally between studies. To achieve this, patient samples must be 

collected according to standardised operating procedures, with clearly documented technical/ 

sampling data in combination with comprehensive clinical data. A lack of complementary 

information is a recognised limitation of the vast data harboured by the Cancer Genome Atlas, 

a database hosting mRNA sequencing data for 582 ECs (NIH/NCI, 2006).  

Overall, our data proposes that consistent timing preferably at the same time with reference to 

surgery and similar method of tissue harvesting in EC studies is needed to ensure robust and 

clinically translatable results. In benign samples, where full thickness samples are routinely 

taken, there is a risk of myometrial contamination, hence the more appropriate option is to use 

a method that will only include the endometrium for gene expression studies. Similarly, the 

timing of the sample collection should be kept the same, either pre or post hysterectomy for all 

samples collected in a particular study or if that is not feasible, a quality control check of the 

effect of different time points of tissue procurement should be made considering the genes of 

interest to control for such bias. Post hysterectomy samples may have more influence from 

warm ischaemia, therefore, where possible, pre-hysterectomy biopsies are preferred. As a result 

of conclusion drawn from this study, the work described in chapters 4, 5, and 6 of this thesis, 

consistently utilised  pipelle biopsies obtained after hysterectomy. Therefore, this study has 

formed the basis for a consistent method used for the sample collection in the subsequent 

chapters and also highlighted the need for the work described in chapter 7, where harmonisation 

of EC biosample collection was undertaken.   

 

Limitations and future work 

Our study investigated the effect of a few of the potentially possible preanalytical variables on 

the mRNA expression levels of only three genes. However, there are numerous other factors, 

which could influence the data generated from tissue samples. In addition to this, the effect of 

the preanalytical variables on the limited number of genes we have analysed, was variable. 

Finally, full thickness samples could not be collected from women with a confirmed diagnosis 

or suspected diagnosis of cancer, as intact uterus is required for histopathological staging. 

Using novel analytical methods such as spatial transcriptomics, future studies maybe able to 

analyse the effect of differential timing on the expression levels of multiple genes. This 

research would also benefit from larger patient sample cohorts to further confirm the effects of 

patient demographic variability on different gene expression levels. With a limited number of 

samples in this study, we were also unable to draw comparisons and analyse alternative putative 
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pre-analytical variables; including grade and stage of cancer, patient co-morbidities and mode 

of surgery, which may hold some significance.  

Conclusion 

In this study, we have revealed the effect of pre analytical variables such as timing of samples 

with regards to hysterectomy, sampling method on the mRNA expression levels of normal 

endometrial and EC patient samples. Since we report these variable effects on endometrial gene 

expression, researchers must take caution when analysing data and consider the effects of pre-

analytical variables and also understand the limiting nature of data obtained from biosamples 

due to patient variability. Our results advocate use of a consistent method and time for biopsy 

collection for all endometrial samples in a study, to avoid misleading expressional analysis. 

For effective use of biospecimens in research, biorepositories must endeavour to achieve a high 

quality approach to biospecimen handling and collate comprehensive technical (e.g., sample 

collection time, and method) and clinical data relevant to the biosample. Biobanking represents 

an innovative modality with great significance in translational medicine, but this benefit will 

transpire only when consistent stringent practices are adopted. Furthermore, to remove the 

potential impact of preanalytical variation on reported data, it is also important that peer 

reviewers pay attention to how samples were collected in a study. 
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Chapter 4: Investigation of hTERC levels in endometrial 

proliferative disease to expand our knowledge of 

telomerase biology in endometrial carcinogenesis 
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Introduction 

Telomeres are nucleoprotein complexes which protect chromosomal ends and they play a vital 

role in preservation of chromosomes from degradation and fusion (Blackburn and Gall, 1978). 

Telomerase is the enzyme which maintains the telomere length and consists of three core 

components: (1) hTERC the RNA template for telomere synthesis, (2) hTERT the catalytic 

reverse transcriptase and (3) dyskerin protein (Cohen et al., 2007), (Alnafakh et al., 2021). TA 

levels are low/undetectable in most somatic cells except in those with self-renewing capability 

such as human endometrium, germline cells and certain haemopoietic cells (Saretzki, 2018), 

(Hapangama et al., 2008b). Human endometrium has shown dynamic TA according to the 

ovarian cycle (Valentijn et al., 2015). Proliferative endometrium has highest TA, whereas 

postmenopausal endometrium shows lowest levels of TA (Tanaka et al., 1998). TA is elevated 

in endometrial proliferative pathological conditions such as endometriosis and EC (Valentijn 

et al., 2015). Most ECs have high TA (Alnafakh et al., 2019). 

Endometriosis is a chronic, oestrogen dependent benign gynaecological condition wherein 

endometrial glands and stroma like tissue are present outside the uterus, leading to bleeding, 

scarring and inflammatory reaction (Sourial et al., 2014). Since the ectopic endometrial-like 

tissue exists and grows in foreign (ectopic), not usual environment for endometrial tissue, in 

the case of endometriosis, it has been proposed to be a benign yet metastatic-like disease. The 

aetiology of endometriosis is complex, multifactorial with influence of hormonal, genetic, 

dysfunctional immune system and environmental factors (Sourial et al., 2014). There are no 

curative treatments for endometriosis, controversies exist as to which is the best treatment. 

Neither medical or surgical treatments provide long term benefits and remission in disease. 

There are many studies which demonstrate that eutopic secretory endometrium of women with 

endometriosis is associated with high TA, hTERT expression, with longer mean endometrial 

telomere lengths (Hapangama et al., 2008b), (Hapangama et al., 2009), (Hapangama et al., 

2010), (Valentijn et al., 2013), (Valentijn et al., 2015). 

EC is the most common gynaecological malignancy, with around 9400 new cases diagnosed 

in the UK every year (CRUK, 2016 - 2018). Most (80-90%) of ECs have high TA. EC cells 

have the ability to invade myometrium / cervix and extra-uterine tissue adjacent to the uterus. 

These cells migrate and initiate metastatic lesions in distant sites in advanced cancer 

demonstrating the natural history of malignant metastatic condition, EC. 
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For in vitro TA, hTERC and hTERT are the only essential components  (Hapangama et al., 

2017). An active telomerase enzyme can be formed by combining two RNA domains from 

hTERC subunit and hTERT protein on oligodeoxynucleotide substrates in vitro (Egan and 

Collins, 2010).  

hTERC, telomerase RNA, provides scaffold structure for assembly of telomere complex 

(Nguyen et al., 2018), and it closely is associated with the reverse transcriptase, hTERT 

component of telomerase. hTERC is expressed constitutively in majority of somatic cells even 

when telomerase reverse transcriptase (Rubtsova et al., 2018) and its mutations are linked with 

dysfunctional telomeres such as aplastic anaemia, idiopathic pulmonary fibrosis (Tsakiri et al., 

2007), (Trahan and Dragon, 2009). hTERC contains 451 nucleotides which form many 

domains, but only two domains are necessary for telomerase activity to occur (Rubtsova and 

Dontsova, 2020). hTERC length is variable in eukaryotes, structure is conserved (Chen et al., 

2000).    

Structure of hTERC 

The four conserved elements in hTERC structure are: (1) a pseudoknot domain (CR2/CR3), (2) 

box H/ACA domain (CR6/CR8), (3) a conserved region 4 - conserved region 5 (CR4/CR5) 

domain and (4) a CR7 domain (Chen et al., 2000). The pseudoknot domain and distal CR4/5 

domain represent the essential regions of hTERC to demonstrate TA (Tesmer et al., 1999). The 

hTERC H/ACA region binds with telomerase associated proteins such as dyskerin, NOP10, 

NHP2, GAR1 and is essential for telomerase biogenesis and RNA stability (Hapangama et al., 

2017). In the H/ACA domain, there is another domain, the cajal body localisation box (CAB), 

which binds with telomerase cajal body protein 1(TCAB1) (Vogan et al., 2016). Therefore, 

hTERC not only provides template for identifying telomere repeat sequence for the telomerase 

holo-enzyme for its telomere length maintenance function, but also provides motifs which are 

vital to reconstitute telomerase activity (Cristofari et al., 2007), (Webb and Zakian, 2016). 

hTERC therefore plays essential roles in stability maturation, functional assembly of 

telomerase holo-enzyme. The template boundary element together with the 3′ end prevents 

DNA synthesis beyond the template (Feng et al., 1995), (Fu and Collins, 2003), (Kiss et al., 

2010). 
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Figure 1. Diagram of the core elements of hTERC reproduced as published by Hapangama DK, Kamal 

A, Saretzki G. Implications of telomeres and telomerase in endometrial pathology. Hum Reprod 

Update. 2017;23(2):166-187. doi:10.1093/humupd/dmw044 : 5′ region containing (A) the pseudoknot 

domain and (B) RNA template (C) the template boundary element (Theimer and Feigon, 2006). Both 

A and B domains are important for in vivo stability of hTERC, and they interact with hTERT. The RNA 

stabilizing 3′ region contains (D) an H/ACA motif, which interacts with dyskerin or any of the other 

three H/ACA RNP components (NOP10, NHP2 and GAR1), and (E) trans-activating domain containing 

CR4/5 C that also binds hTERT (Webb and Zakian, 2016).  

Most of the available evidence on the functional roles of TERC are related to TA  Studies in 

transgenic mice models showed increase in mTERC expression following tumourigenesis in 

mice (Blasco et al., 1996). Upregulation of telomerase RNA component occurs at very early 

stages of mouse tumourigenesis whereas TA was only detected in end stage tumours (Blasco 

et al., 1996), hence it can be proposed that TERC activation and expression at early stage is a 

marker for cell proliferation, independent of telomerase activation at least in mice (Blasco et 

al., 1996). Further studies in terc-/- mice showed impairment of tumourigenesis process due to 

overexpression of TERT and also showed delayed wound healing rates (Cayuela et al., 2005).  

However, mouse have rather long telomeres compared with humans and have a different effect 

when telomerase function is altered, thus, results from mouse studies may not be directly 

translatable to humans. In non-small cell lung cancer cell lines, TERC was upregulated and 

was associated with high TA, compared to the non-cancerous benign lung tissues (Yokoi et al., 

2003). hTERC gene was located  in a more critical region of 3q26 amplicon in these cells 

(Yokoi et al., 2003). However, there is a reasonable body of evidence suggesting that TERC 

may also have non-telomerase related direct actions. In different telomerase positive human 
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colorectal cancer cell line HCT 116, depletion of telomerase RNA leads to effective inhibition 

of cancer cell growth (Li et al., 2005). hTERC knockdown induces global gene expression 

changes in human colorectal cancer cell line HCT 116, downregulation of genes involved in 

cell cycle progression, also it results in decreased expression of specific genes coding for 

proteins for tumour growth, angiogenesis, metastasis (Li et al., 2005) . hTERC has multiple 

binding sites throughout genome, located at Wnt genes and Myc genes, which may have direct 

effects on transcription to upregulation of the genes related to immune system or indirect effect 

by attracting hTERT (Chu et al., 2011), (Liu et al., 2019). In vivo experiments using CD14+ 

macrophages in patients with type 2 diabetes mellitus (DM) and multiple sclerosis 

demonstrated hTERC  to have roles in upregulating the genes related to immune system and 

those modulating cytokines (Liu et al., 2019). In human breast carcinoma cell lines MCF7, 

hTERC also has been shown to influence cellular signalling systems such as protein kinase 

ATR (ATM and Rad3 related) (Kedde et al., 2006). In U2OS cells, over-expression of hTERC, 

independent of the TA, caused suppression of ATR kinase activity, which disrupted the cell 

cycle checkpoint regulation following DNA damage (Kedde et al., 2006). Additionally, hTERC 

is proposed to be involved in activation of DNA-PK, which repairs the double strand breaks 

by the non-homologous end joining pathway (Lees-Miller and Meek, 2003), (Mahaney et al., 

2009), (Ting et al., 2009).  

The telomerase RNA was known to be a non-coding RNA, however studies in vertebrates 

(human, macaca, rabbit, bull, cat, horse and mouse) wild type TERC can be transcribed into 

protein TERP. The alignment of TERP sequences amongst vertebrates demonstrated 40% or 

more identity, similar length and amino acid composition. hTERP was detected in telomerase 

positive cells lines (HEK293T, HT1080 and Jurkat) and absent in telomerase negative cells 

(VA13 cells). Previously,  hTERC was reported to prevent apoptosis in human immune cells, 

since increased levels of hTERC  resulted in anti-apoptotic defense and this function was 

independent of telomerase activity (Gazzaniga and Blackburn, 2014). However, Rubstova et al 

have demonstrated that it is not the level of hTERC or TA, but the production of hTERP which 

protects the cells from drug induced apoptosis as decrease in hTERP levels decreased the cell 

survival rate (Rubtsova et al., 2018). Therefore, it is proposed that alternative functions of 

hTERC is provided by the protein hTERP but not hTERC and hTERP has a role in helping the 

cells to protect themselves from stress, survive unfavourable conditions (Rubtsova et al., 2018).     

The expression of hTERC in human endometrium has not been fully elucidated. Therefore, the 

aim of the work presented in this chapter was to ascertain the hTERC levels in normal human 
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endometrium, across the menstrual cycle and in the endometrium of benign proliferative 

disease, endometriosis and in malignant EC samples. We standardised biosample collection 

informed by the work described in chapter 3, to minimise the effect of pre-analytic variables 

on our results. 

Methods 

Endometrial tissue samples 

Details of Ethical approvals for this study are presented in page 15. Endometrial samples were 

collected from women without any endometrial pathology, with regular periods and who were 

not on any hormonal treatment for at least 3 months in proliferative phase (n=6), secretory 

phase (n=9) and women in postmenopausal period (n=7), as well as from 10 women with 

surgically diagnosed active, peritoneal endometriosis in the secretory phase of the cycle. 24 

endometrial samples from women with a prior diagnosis of EC (Endometrioid (grade-1 n=6, 

grade-2 n=7, grade-3 n=5 and type 2 ECs n=6) undergoing hysterectomy without receiving any 

pre-surgical treatment were also collected. The endometrial samples were dated according to 

histological criteria and patient-claimed last menstrual date. Tumour grade and type was 

assigned by two experienced gynaecological pathologists according to FIGO guidelines. Four 

myometrial samples were collected from benign hysterectomy samples near the serosal border 

to avoid endometrial contamination.   

Once collected, endometrial and myometrial samples were divided into three, and 

immediately placed in i) RNA later for RNA extraction, ii) NBF for paraffin embedding and 

iii) snap frozen for TRAP assay. Patient clinico-pathological and demographic details were 

retrieved from the clinical notes and databases (Table 1).  

Table 1: Demographic features of study groups   

Study groups (n) *Age (years)  *BMI (kg /m2) 

Proliferative phase (7)                  43(32-57) 27.8(22-40.5) 

Secretory phase (9) 41(21-47) 22.6(18.9-31.6) 

Postmenopausal (7)   62(52-85) 24.3(20-39.6) 
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Secretory phase in women with 

endometriosis (10) 
32.5(25-43) 25.7(17.1-40.6) 

Endometrial cancer (24)                    67(37-80) 30(23.9-54.4) 

Endometrioid Grade 1 (6) 61(46-73) 37.8(28.3-46.1) 

Endometrioid Grade 2 (7)                                                  60(37-77) 28.9(25.8-54.4) 

Endometrioid Grade 3 (5)  68(60-80) 29.8(23.9-42.7) 

Type 2 EC (6) 72.5(60-80) 30.1(24.2-32.9) 

*Data expressed as median 

(range) 
  

 

Collection, transportation, processing and storage of tissue samples  

The protocols followed are described in detail in chapters 3.  

RNA extraction and quantification  

RNA extraction and quantification is discussed in detail in chapter 3.  

cDNA synthesis 

mRNA isolated was converted to cDNA in a reaction catalysed by reverse transcriptase as 

discussed in detail in chapter 3.   

q-RT PCR and optimisation 

All sample preparation, technique for PCR is as described in chapter 3, apart from the change 

to amount of cDNA used for the experiments based on our optimisation. Housekeeping genes 

like PPIA and β-actin were used to ensure the same amount of cDNA was loaded between 

template samples. 7.5µl of master mix was added into each well and 2.5µl of cDNA was added 

in triplicates into separate wells to make the final volume of 10 µl in each well. For no RT 

control, 2.5µl of NRT control sample and for no template control 2.5 µl of nuclease free water 

were added. For each target and reference, a standard curve was produced and efficiency 

calculated (Fig 2).  
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Forward and reverse primers used, and the reaction conditions are listed in Table 2. qPCR 

conditions are charted in Table 3.  

Table 2. Primer sequences used for qPCR 

amplification   
Primer  Sequence References 

TERC 
F:5’- GCCTTCCACCGTTCATTCTA-3 

R:5’- CCTGAAAGGCCTGAACCTC-3 
(Chai et al., 2011) 

PPIA 
F:5’- AGACAAGGTCCCAAAGAC-3 

R:5’- ACCACCCTGACACATAAA-3 
(Jacob et al., 2013) 

ACTB 
F:5'TGTACGCCAACACAGTGCTG-3 

R:5'GCTGGAAGGTGGACAGCGA-3 
(Wang et al., 2015) 

 

Table 3. qPCR Conditions 

  Initial  

Denature 

Denature Anneal / 

Extension 

 Cycles Efficiency 

T
a
rg

et
 G

en
e 

PPIA 95°C 2min 95°C 5s 60°C 30s 40 100.1% 

ACTB 95°C 

10min 

98°C 5s 95°C 10s 

60°C 30s 

40 94.6% 

TERC 95°C 2min 95°C 5s 60°C 30s 50 86.1% 

Abbreviations: PPIA, peptidylprolyl isomerase A; ACTB, beta-actin 

Gene expression and statistical analysis  

The Pfaffl method was  used to compare the results of relative quantity of  the gene of interest 

in the samples with the geometric mean of the normalisers across those samples.    

TRAP  

TRAP assay was kindly performed by our collaborator Dr Gabriele Saretzki, Lecturer in 

Ageing Research, Biosciences Institute and Newcastle University Institute for Ageing, Campus 

for Ageing and Vitality. TA was measured using TeloTTAGGG TRAP assay (Telomere Repeat 

Amplification Protocol assay; Roche Diagnostics, Ltd, Burgess Hill, UK) using 1µg of lysate 

(Valentijn et al., 2015).  Optical density was measured as absorbance at 450nm in a Fluostar 

Omega Plate reader (BMG Labtech) and presented as arbitrary units (AU).  

IHC 
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IHC experiments were performed by Dr Meera Adishesh and Dr Rafah Alnafakh. Antigen 

retrieval was performed to free the epitopes of the antigen, to improve immunostaining and 

prevent false negative results which may be caused due to modification of epitopes from the 

cross links between different proteins (Shi et al., 1991). 3µM FFPE tissue sections were placed 

in a heated pressurised chamber for 1-3 minutes, with an appropriate optimised buffer. The 

details of antibody used, concentrations and incubation conditions used are provided in the 

table 4 below. The sections were incubated in hydrogen peroxide 0.3% in Tris-buffered saline 

(TBS) (Sigma, Aldrich, Dorset, UK) for 10 min to block endogenous peroxidase. The sections 

were incubated in a humidified chamber, with anti-human steroid receptor antibodies and Ki67 

after blocking unspecific binding with horse serum block for 20 minutes.     

Detection was performed using the ImmPRESS polymer-based system (Vector Laboratories, 

Peterborough, UK) and visualisation was achieved using ImmPACT 3,3’-Diaminobenzidine   

(DAB) (Vector Laboratories, Peterborough, UK) used in accordance with the manufacturer’s 

instructions. One drop of Vector ImmPRESS labelled polymer-horseradish peroxidase 

matching the primary antibody was added and incubated for 30 minutes followed by DAB 

substrate for 10 minutes followed by immersion in distilled water for 5 minutes. All steps were 

performed at room temperature unless stated otherwise. After each step, sections were rinsed 

in TBS to hold the reaction and eliminate any unbound material to prevent interfering with 

subsequent steps. Sections were lightly counterstained with Gill 2 Haematoxylin (Thermo 

Fisher Scientific, Runcorn, UK), dehydrated, cleared and mounted in synthetic resin (Consul 

Mount, Thermo Fisher Scientific, Runcorn, UK).  Negative control and internal positive control 

were included in each run to assess specificity of the primary antibody and to detect any 

staining variation between runs respectively. Matching isotype immunoglobulin (0.5µg/ml) 

replaced the primary antibody in a negative control sample. A specific endometrial tissue 

sample with positive staining was included as the internal positive control with each staining 

experiment. 
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Analysis of IHC staining 

IHC stained sections were scored by Dr Meera Adishesh and Dr Rafah Alnafakh. The protocol 

for analysis is as described below. Analysis and scoring were performed using a light 

microscope (Nikon UK, Surrey, UK). Steroid receptor immunostaining for four steroid 

receptors was assessed semi-quantitatively using a four-tiered Liverpool endometrial steroid 

quick score (LESQS) (Kamal et al., 2016b). The final score out of 12 was calculated by 

multiplying the proportion of positive cells (1-10% =1, 11-20%=2, 21-40%=3 and >40%=4) 

by the staining intensity categories (0=no staining, 1=weak, 2=moderate and 3=strong). 

TRF1/2 immunostaining for TRF1 and TRF2 was assessed semi quantitatively by using 

modified quickscore, by scanning the whole section and estimating the percent of stained 

proportions of cells with each intensity (0=no staining, 1=weak, 2=moderate and 3=strong). 

The final score out of 12 was calculated by multiplying the proportion of positive cells (1-

25%=1, 26-50%=2, 51-75%=3, >76%=4) by the staining intensity categories (0=no staining, 

1=weak, 2=moderate and 3=strong).  The Ki67 proliferative index (PI) was evaluated as the 

percentage of immunopositive cells of any intensity.  Epithelial and stromal cell staining was 

scored separately based on morphological criteria in postmenopausal and malignant 

endometrium and stratum basalis of healthy proliferative phase (PP) endometrium by two 

independent observers (myself and Dr Rafah Alnafakh). Consistency and reproducibility if 

Table 4. Primary antibodies and conditions for IHC       

Primary 

Antibody 
Type Clone  Supplier   Dilution 

Incubation  

Time 
Conditions 

        
HIAR* 

(min) 
  Time (hour) Temp (°C) 

ERα Monoclonal 6F11 Leica1 2 1:50 2 18 

ERβ Monoclonal PPG5/10 Abcam2 2 1:50 20 4 

PR Monoclonal PgR 636 DAKO3 2 1:1000 1 18 

AR Monoclonal AR441 DAKO3 2 1:75 20 4 

Ki67 Monoclonal MM1 Leica1 2 1:200 20 4 

TRF1 Monoclonal MM1 Santa Cruz4  2 1:50 20 4 

TRF2 Monoclonal MM1 Santa Cruz4  2 1:200 20 4 

*Heat induced antigen retrieval by pressure cooking in citrate buffer pH 6.  
 1Milton Keynes, UK; 2Cambridge, UK; 3 Ely, Cambridgeshire, UK; 4Insight Biotech Ltd., 

Middlesex, UK  
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scoring were assessed by randomly revisiting some sections by myself (intraobserver) and with 

Dr Rafah Alnafakh (interobserver). Discrepancies between the two observers were resolved by 

re-evaluating the samples together and agreeing on a final score.    

Statistical analyses 

Gene expression data across different groups was analysed using Graph Pad Prism software 

using non-parametric tests (Mann-Whitney U test and /or Kruskal-Wallis test) or Spearman 

correlation as appropriate, not assuming Gaussian distribution. The criterion for significance 

was p≤0.05.   

Standard curve for housekeeping genes and hTERC 

 

(A) ACTB 

 

(B) PPIA 
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(C) hTERC 

 

Figure 2. Standard curve for housekeeping genes ACTB (A), PPIA (B) and hTERC (C) with 

efficiencies (ACTB E=94.6%, PPIA E=100.1%, hTERC E=86.1%)     

Results 

hTERC, RNA component of telomerase enzyme, does not show a dynamic 

change across the menstrual cycle  

hTERC was detected in both human endometrium and myometrium at similar levels (Fig.3A). 

In dissociated fractionated endometrial cells, hTERC levels were consistently higher in the 

stromal fraction (which according to previous reports  have a lower TA and longer telomere 

lengths (Hapangama et al., 2008b) when compared with the endometrial epithelial fraction 

(Fig.3B). However, hTERC levels were apparently high in postmenopausal endometrial 

samples compared to the premenopausal endometrium (Fig.3C) however this was not 

statistically significant (P= 0.063, Mann Whitney test).  

hTERC levels are significantly higher in endometriosis  

When compared with the secretory phase endometrium of healthy women, without 

endometriosis, significantly higher hTERC levels were observed in endometrium from women 

with endometriosis in the secretory phase of the cycle (P= 0.02, Mann Whitney test, Fig.4). 

hTERC levels are significantly higher in grade 3 endometrioid ECs 

Compared with the postmenopausal healthy control endometrium, EC samples appeared to 

have decreased hTERC levels, but this observation did not reach statistical significance 

(P=0.36, Mann Whitney test, Fig 5A). Interestingly, hTERC levels increased steadily from 

grade 1 across to grade 3 of the endometrioid cancers subtype (P= 0.025, Kruskal-Wallis test, 

Fig 5B) and the lowest hTERC levels were observed in type 2, non-endometrioid ECs (P=0.004, 

Mann Whitney test, Fig 5B). 
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Figure 3. hTERC levels in different components of human uterus. (A) hTERC levels in human 

endometrium (n=4) compared to myometrium (n=4) (B) hTERC levels were higher in stromal fraction 

(n=3) compared with the epithelial fraction (n=3) in dissociated fractionated endometrial cells (C) 

hTERC levels across menstrual cycle, higher in postmenopausal endometrium (n=7) compared to 

proliferative (n=6) and secretory endometrium (n=9), however not statistically significant.  

Correlation of hTERC levels with  telomerase activity, proliferative marker 

ki67, TRF1, TRF2 immuno-staining scores and steroid receptor 

quickscores in endometrial samples 

In normal and EC samples, hTERC RNA levels negatively correlated with LESQS for ERβ (r 

= -0.42, P=0.01), and TRF1 (r = -0.45, P=0.04) (Table 5). However, they did not correlate with 

TA levels measured with TRAP assay, other three steroid receptor quickscores we analysed or 

telomerase associated protein TRF 2. Furthermore, the hTERC levels did not correlate with the 

proliferative marker Ki67. 

Discussion 

Previous studies have demonstrated high TA and increased hTERT to be a prerequisite of 

endometrial epithelial proliferation (Tanaka et al., 1998), (Valentijn et al., 2015).  
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Figure 4. hTERC levels in secretory phase endometrium of patients with endometriosis (n=10). When 

compared to secretory phase endometrium in healthy women (n=9), hTERC levels in endometriosis 

patients were significantly high (P=0.02, Mann Whitney test).  

 

 

Figure 5. hTERC levels in postmenopausal endometrium and EC. (A) When compared to 

postmenopausal endometrium, hTERC levels in EC were low (P=0.36, Mann Whitney test). (B) hTERC 
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levels in EC, showed significant increase from grade 1 to grade 3 endometrioid EC (P=0.025, Kruskal-

Wallis test). hTERC levels were lowest in type 2 non endometrioid EC (P=0.004, Mann Whitney test).   

 

Correlation of hTERC, AR, PR, ERα, Erβ, Ki67, TRF 1, TRF 2 and TRAP in all endometrial 

samples 

    AR PR ERα ERβ Ki67 TRF1 TRF2 TRAP 

hTERC r 0.148 -0.1022 0.0590 -0.4239 -0.0624 -0.4485 0.0038 -0.0362 

  P 0.4034 0.5715 0.7363 0.0112 0.7097 0.0363 0.9842 0.7856 

 

Table 5. Correlation of hTERC levels with TA, steroid receptors, telomerase associated proteins and 

proliferative marker. hTERC levels  negatively correlated with Erβ (r = -0.42, P=0.01) and TRF1 (r = -

0.45, P=0.04) whereas there was no correlation seen with other steroid receptors, Ki67 and TA.   

 

This current chapter describes the other main component of telomerase holo-enzyme, hTERC 

in healthy endometrium across all stages of premenopausal menstrual cycle, and in 

postmenopausal endometrium examining the endogenous hormonal influence. Investigations 

also extended to include two pathological conditions of the endometrium, endometriosis, a 

benign proliferative condition and EC, which is the malignant transformation of the 

endometrium and both these conditions are known to be associated with high TA.  

We found no significant alteration of endometrial hTERC levels in all phases of pre-

menopausal menstrual cycle, suggesting that hTERC is constitutively expressed in the 

endometrium. Although hTERC was thought to be non-coding, its translation into hTERP has 

non canonical functions to regulate the essential processes in cells (Rubtsova et al., 2018). This 

coding capability may explain the constitutive expression of hTERC in somatic cells. This is in 

line with other studies which have demonstrated that hTERC is highly expressed in all tissues 

including human endometrium (Avilion et al., 1996), (Kyo et al., 1999b), (Lewis and 

Tollefsbol, 2016). On the contrary, TA is high in premenopausal endometrium and is 

dynamically regulated throughout the menstrual cycle and with glandular proliferation (Kyo et 

al., 1997), (Williams et al., 2001), (Hapangama et al., 2008a), (Hapangama et al., 2009), 

(Valentijn et al., 2015). Proliferating endometrial cells have highest TA, and this is mainly for 

maintaining and protecting the short telomeres therefore to prevent them from shortening to a 

critical length (Valentijn et al., 2015). It is known from previous studies, TA and hTERT are 

dynamically expressed in human endometrium (Hapangama et al., 2008a), (Hapangama et al., 

2017). In our study, the endometrial TA and hTERC levels did not correlate and some previous 
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studies have also demonstrated that TA measured by TRAP assay does not necessarily correlate 

with hTERC expression (Ohyashiki et al., 2005), (Avilion et al., 1996). Another observation in 

our study was TA did not significantly change in the menstrual cycle, this may be due to our 

small sample size. Therefore, to draw conclusions on which of these two reasons are the cause 

for the observed results, further adequately powered studies with larger sample size are needed.   

Compared to proliferative and secretory endometrium, relatively quiescent postmenopausal 

endometrium has low TA (Tanaka et al., 1998), (Valentijn et al., 2015). hTERC levels although 

appeared to be higher in postmenopausal samples than in proliferative or secretory 

endometrium, this was not statistically significant. In agreement, we found no significant 

correlation with ki67 which is a marker for cellular proliferation.  

Eutopic endometrium of women with endometriosis is proposed to be different to those without 

endometriosis  (Hapangama et al., 2010), (Hapangama et al., 2012), (Sourial et al., 2014),  

(Hapangama et al., 2017), (Lessey and Kim, 2017), (Ahn et al., 2017), (Hapangama et al., 

2019). Endometriosis is considered to be a progesterone-resistant disease due to blunted 

response to progesterone demonstrated in both eutopic and ectopic endometrial tissue (Bulun 

et al., 2006), (Park et al., 2009). Endometrium in women with endometriosis is suggested to be 

more proliferative and associated with defective receptivity which is a shift from normal 

progesterone action (Park et al., 2009), (Hapangama et al., 2012), (Lessey and Kim, 2017). 

These differences are more exaggerated in the progesterone dominant, secretory phase of the 

cycle, and that was proposed to be due to the unravelling of relative progesterone resistance 

(Bulun et al., 2006). This is also thought to be the cause for subfertility often encountered in 

endometriosis sufferers. Therefore, we examined the secretory phase endometrium in particular 

from women with endometriosis to ascertain any differences specific to hTERC levels.  

TA, hTERT protein and mRNA levels were reported to be increased in secretory phase 

endometrium of women with endometriosis (Kim et al., 2007), (Hapangama et al., 2008b). 

High TA along with the pro proliferative, anti-apoptotic and anti-senescence effect in the 

secretory endometrium of women with endometriosis, has been suggested to lead to 

endometriotic lesion formation from deposition of endometrial fragments after retrograde 

menstruation (Hapangama et al., 2009), (Hapangama et al., 2010).  

In the eutopic secretory endometrium of women with endometriosis, hTERC levels were 

significantly increased. Therefore, we postulate that in endometriosis, relative progesterone 

resistance induces the observed high hTERC levels. In a previous study, it has been observed 
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that decrease in hTERC levels reduces the cell proliferation rate without influencing the TA (Li 

et al., 2005). Overexpression of hTERC suggests that hTERC may have a role in pro-

proliferative effect in human endometrium. Secondly, studies in osteosarcoma cell line U2OS 

overexpression of hTERC levels is associated with upregulation of cytokine expression and 

increased cytokine secretion, independent of the TA (Liu et al., 2019). If hTERC has a similar 

role in endometrial cells, it may influence the increased inflammatory response seen in women 

with endometriosis, and also may lead sub-fertility possibly via producing a hostile endometrial 

environment, preventing embryo implantation  (Liu et al., 2019). Another study reported that 

in peripheral blood mononuclear cells and CD4 T cells, over expression of hTERT protein 

induced apoptosis that was rescued by over expression of inactive hTERC mutants (Gazzaniga 

and Blackburn, 2014). This cellular protective effect if present in the endometrial cells may 

play a role in development to ectopic lesions from the shed endometrial cells with high hTERC, 

due to retrograde menstruation. All these above mentioned functions of hTERC if present in 

the endometrial cells that have high hTERC, may have a contribution to pathogenesis of 

endometriosis.  

Interestingly in EC, there was no significant difference in endometrial hTERC levels when 

compared with postmenopausal endometrium. This is in keeping with the suggestion of  

constitutive expression of hTERC in endometrium.  Analysis of hTERC in different types of 

EC demonstrated that hTERC levels were high in grade 3 endometrioid cancers compared to 

grade 1endometrioid and type 2 ECs. This agrees with well-established fact that different 

molecular pathways being activated in the different EC subtypes. For example, type 1 cancers 

frequently contain microsatellite instability and PTEN,  PIK3CA, K-RAS, CTNNB1 mutations 

whereas type 2 ECs commonly exhibit P53 mutations and chromosomal instability (Dedes et 

al., 2011), (Weigelt and Banerjee, 2012), (Matias-Guiu and Prat, 2013). hTERC levels may be 

relevant to these reported different pathway activation rather than just telomerase associated 

alterations in cell proliferation. This hypothesis is further supported by the already mentioned 

lack of correlation found between hTERC and Ki67. Ovarian hormones are a well-known 

regulating factors in EC. Hormones activate various pathways via cognate receptor such as 

ERβ, and when all endometrial samples were considered together, hTERC levels negatively 

correlated with LESQS for ERβ (r = -0.42, P=0.01). Previous study on macaque endometrium, 

shows that oestrogen treatment is associated with increased expression of telomerase RNA in 

the endometrium (Vidal et al., 2002). Other studies have demonstrated hormonal regulation of 

TA in different tissues (Misiti et al., 2000). Zhou et al demonstrated that E2 induces TA and 
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hTERT mRNA expression via ERα dependent manner (Zhang et al., 2013). In our study, 

hTERC did not show any positive correlation with ERα expression. However, as ERβ receptors 

are known to counteract ERα, this may explain our findings of negative correlation of hTERC 

with ERβ receptors (Bottner et al., 2014), (Hapangama et al., 2015).  

Ectopic endometriotic lesions are defined histologically by the inclusion of both endometrial 

epithelial and stromal like cells (Bulun et al., 2006), (Park et al., 2009). The interaction between 

different cell types is suggested to play an important role in hormonal regulation especially in 

steroid receptor expression (Hapangama et al., 2015), (Kamal et al., 2016b). We have used 

PCR technique in our study to assess the hTERC levels in the whole tissue sample, which does 

not allow to ascertain the exact cellular origin of the hTERC levels of the samples analysed.  

This technique would not allow clarification if a surgically excised endometriotic sample we 

study may contain the essential cell types or if the exact cells of origin of hTERC detected by 

PCR. Ideally, to study ectopic lesions particular cell types can be extracted/isolated from frozen 

tissue sections, using techniques such as laser capture microdissection (Maclean et al., 2020). 

Techniques such as in situ hybridisation, immunohistochemistry or immunofluorescence do 

not disturb the tissue architecture and directly assess gene or protein expression, may be useful 

to study endometriotic lesions (Mathew et al., 2016), (Tempest et al., 2018), (Hapangama et 

al., 2019). During my project, I was not able to check hTERC levels in ectopic endometriotic 

lesions and use the above mentioned techniques, and this is one of the major limitations of my 

study. As mentioned above, the lack of power with the small sample size of this study that 

prevent confirmation that lack of correlation we observed between TA and hTERC, was a true 

finding or not is another limitation of our study.  However, this study has demonstrated 

significant changes in hTERC levels in pathological conditions of the human endometrium and 

further studies with suitable techniques and adequate power/ sample size thus are warranted to 

explore these interesting preliminary data.  
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Chapter 5: Investigation of TERRA levels in endometrial 

proliferative disease to expand our knowledge of 

telomerase biology in endometrial carcinogenesis 
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Introduction 

Human endometrium is a dynamic organ which undergoes a repetitive cycle of cell 

proliferation, differentiation, shedding and regeneration, regulated by ovarian hormones on a 

monthly basis (Hapangama and Bulmer, 2016). This regenerative potential is retained by the 

proliferatively quiescent postmenopausal endometrium, even after the cessation of ovarian 

function (Valentijn et al., 2015). Telomeres are specialized nucleoprotein complexes at the ends 

of chromosomes, which play an established and essential role in endometrial epithelial 

proliferation (Hapangama et al., 2017). Telomeric DNA is lost with each round of cell division 

due to the end replication problem, and unless the lost DNA is replaced by the action of 

telomerase, telomeres will shorten in proliferating cells (Smogorzewska and de Lange, 2004) 

Human endometrium demonstrates cyclical TA according to the menstrual cycle, and both in 

vivo and in vitro evidence suggests that ovarian hormones regulate endometrial telomerase, 

telomere lengths and epithelial proliferation (Valentijn et al., 2015), (Hapangama et al., 2017). 

Common endometrial proliferative diseases such as endometriosis (Hapangama et al., 2017), 

(Hapangama et al., 2008a), (Hapangama et al., 2008b) and EC are also associated with high 

TA (Kyo et al., 1996), (Sakamoto et al., 2000), (Lehner et al., 2002), (Saygan-Karamursel et 

al., 2005). 

The telomere complex prevents chromosomal ends from being recognized as DNA damage-

foci that can mount a DDR (Griffith et al., 1999), (Yoo and Chung, 2011), (Bodvarsdottir et al., 

2012). Unrepaired DNA damage can mediate a permanent cell cycle arrest and eventually result 

in cellular senescence (Campisi and d'Adda di Fagagna, 2007). Replicative senescence limits 

the proliferative potential of somatic cells and has therefore been characterized to be a tumour 

suppressor mechanism. However, specialized cells and cancer cells have sufficiently high TA 

for telomere maintenance and elongation, thus are senescence-resistant (Kim et al., 1994).  

Although telomeres were considered to be transcriptionally silent until recently, TERRA 

molecules are transcribed from CpG-island containing subtelomeric promotors, extending 

towards the telomeric tract (Schoeftner and Blasco, 2008) (Azzalin et al., 2007). TERRA 

molecules are long non-coding RNAs (lncRNA) located in the nucleus (Azzalin et al., 2007) 

and they are proportional to telomere lengths in different telomeres (Yehezkel et al., 2008), 

(Arnoult et al., 2012), (Van Beneden et al., 2013), (Viceconte et al., 2021). TERRA have been 

identified in vertebrates and in several other species such as yeasts and plants (Luke et al., 

2008), (Vrbsky et al., 2010). In human cells, 20 TERRA-encoding subtelomeres have been 
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described (Vitelli et al., 2013). Although non-coding, TERRAs are involved in the recruitment 

of telomerase to the telomeres (Smekalova and Baumann, 2013) and they remain partly 

associated with telomeres establishing the DNA/RNA G-quadruplex structures that protect the 

single strand DNA (ssDNA)(Griffith et al., 1999). The TERRA containing RNA-DNA hybrids 

at the telomeric end may also have a physiological role in stalling replication forks, hence 

allowing DNA repair (Aguilera and Gomez-Gonzalez, 2008), (Sollier and Cimprich, 2015). 

TERRA levels are cell specific (Azzalin et al., 2007) and fluctuate with the cell cycle (Porro et 

al., 2010). The highest TERRA molecule levels and lowest TA are detected in early G1 whilst 

the opposite is reported in S phase (Zhu et al., 1996), (Porro et al., 2010), (Wang et al., 2015). 

TERRAs interact with shelterin proteins TRF1 and TRF2 and mediate cellular reprogramming 

(Marion et al., 2019). Therefore, TERRAs are thought to participate in many essential cellular 

regulatory functions (Schoeftner and Blasco, 2008), (Deng et al., 2009), (Redon et al., 2010), 

(Arnoult et al., 2012). TERRA functions may be relevant to the specific telomere of origin or 

other telomeres, their levels are inversely correlated with corresponding telomere length 

(Arnoult et al., 2012), (Montero et al., 2016). TERRA are also demonstrated to have a role in 

recruitment of telomerase to the telomere (Smekalova and Baumann, 2013). On the other hand, 

by binding to hTERC, hTERT and by forming RNA-DNA hybrids TERRA are also implicated 

to inhibit telomerase (Luke et al., 2008), (Redon et al., 2010). 

Considering the intricate relationship between telomerase, telomeres and endometrial cellular 

proliferation, (Hapangama et al., 2008a), (Hapangama et al., 2008a), (Hapangama et al., 2009), 

(Valentijn et al., 2013), (Valentijn et al., 2015), (Hapangama et al., 2017). I hypothesised that 

TERRAs may have an important role in endometrial carcinogenesis. To test this hypothesis, I 

initially examined collective TERRA from chromosomes 1q-2q-4q-10q-13q-22q and 16p in 

healthy normal, benign proliferative conditions such as endometriosis and EC samples. Out of 

the 18 TERRA loci in human cell transcripts, Montero et al demonstrated that deletion of 20q 

locus caused decrease in TERRA levels (Montero et al., 2016). Therefore, I studied TERRA 

levels from chromosome 20q in the same sample groups. As both pathological conditions 

benign and malignant display high TA and aberrations under hormonal 

influence/responsiveness, we aimed to include change in TERRA levels across the whole 

spectrum of pathologies together with TA and mean TL (Redon et al., 2010), (Sourial et al., 

2014), (Kamal et al., 2016b).  
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Methods 

Demographics of study groups 

Endometrial tissue samples 

Details of the Ethical approval are provided in page 15. The sample collection methods, number 

of samples and demographic details of the patients are described in chapter 4. Patient clinico-

pathological and demographic details were retrieved from the clinical notes and databases (as 

in Table 1 chapter 4).  

Collection and transportation of tissue samples, tissue processing and 

storage  

Collection, transportation, processing and storage of samples was as discussed in chapter 3.  

RNA extraction and quantification 

RNA extraction and quantification is discussed in detail in chapter 3.  

cDNA synthesis 

mRNA isolated was converted to cDNA in a reaction catalysed by reverse transcriptase as 

discussed in detail in chapter 3.   

Q-RT PCR and optimisation 

Sample, equipment preparation and technique used for PCR was carried out as described in 

chapter 3 and 4 except to the amount of cDNA used in the experiments which is based on our 

optimisation. 8µl of master mix was added into each well and 2µl of cDNA was added in 

triplicates into separate wells to make the final volume of 10 µl in each well. For no RT control, 

2µl of NRT control sample and for no template control 2µl of nuclease free water were added. 

The reaction was set as per conditions optimised for each target at 50 cycles. For each target 

and reference, a standard curve was produced and efficiency generated (Fig 1A, 1B and 1C).  

Forward and reverse primers used, and the reaction conditions are listed in Table 2. qPCR 

conditions are charted in Table 3.  
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Table 2. Primer sequences used for qPCR amplification 

   
Primer  Sequence References 

TERRA Ch 1q-2q-4q-10q-13q-22q 
F:5'GAATCCTGCGCACCGAGAT 

R:5'CTGCACTTGAACCCTGCAATAC 

(Diman et al., 

2016) 

TERRA Ch16p 
F: 5'TGT GTT TCA ACG CTG CAA CTG 

R: 5'AGT TAG AAC GGT TCA GTG TG 

(Wang et al., 

2015) 

TERRA Ch20q 
F:5'GAAGTTGCTGGGTTCTATGG 

R:5'ATGGTGCAGACACTGTGG 

(Montero et al., 

2016) 

 

Table 3. qPCR Conditions 

  Initial  

Denature 

Denature Anneal / 

Extension 

 Cycles Efficiency 

T
a
rg

et
 G

en
e 

TERRA 

Ch 1q-2q-4q-10q-

13q-22q 

95°C 

10min 

98°C 5s 95°C 10s 

60°C 30s 

50 101.1% 

TERRA 

Ch16p 

95°C 

10min 

98°C 5s 95°C 10s 

60°C 30s 

50 95.1% 

TERRA 

Ch20q 

95°C 

10min 

98°C 5s 95°C 10s 

60°C 30s 

50 105.2% 

Gene expression analysis  

Gene expression analysis was performed as described in chapter 3.  

TRAP assay 

TRAP assay was kindly performed by our collaborator Dr Gabriele Saretzki, Lecturer in 

Ageing Research, Biosciences Institute and Newcastle University Institute for Ageing, Campus 

for Ageing and Vitality. TRAP assay method is described in chapter 5.  

Immunohistochemistry and analysis of IHC staining 

IHC experiments and analysis were performed by Dr Meera Adishesh and Dr Rafah Alnafakh 

as described in chapter 4. 3µM tissue sections were immuno-stained with anti-human steroid 

receptor antibodies and Ki67 after antigen retrieval at pH6 as previously described. 

Proliferative index, quickscore and LESQS were obtained for each immunostain for Ki67, 
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telomerase associated proteins and steroid receptors respectively. Discrepancies between the 

two observers were resolved by re-evaluating the samples together and agreeing on a final 

score. 

 Antibody sources, concentrations and incubation conditions are detailed in Table 4 as 

described in chapter 4.  

Single telomere length analysis (STELA) 

STELA experiments were kindly performed by collaborators, Rhiannon Jones and Prof Duncan 

Baird, Division of Cancer and Genetics, Cardiff University, Cardiff. The protocol used was as 

described below. DNA was extracted using the QIAamp DNA Blood Mini Kit (Qiagen, 

Manchester, UK). For telomere length analysis at the XpYp telomere we used the STELA assay, 

as previously described (Baird et al., 2003), (Lin et al., 2010). Genomic DNA was solubilized, 

diluted in 10 mmol/l Tric-HCl (pH 7.5) to 10 ng/µl. 10 ng of DNA was further diluted with 

1µmol/l Telorette2 linker and 1 mM Tris-HCl to 250pg/µl in a volume of 40µl. Multiple 

polymerase chain reactions were conducted to test the DNA sample and were cycled in a 

Tetrad2 thermocycler (BioRad, UK) (22 cycles of 94°C for 15 sec, 65°C for 30 sec, 68°C for 8 

min). DNA fragments were resolved by 0.5% TAE agarose gel electrophoresis and detected by 

southern hybridization. The hybridized fragments were detected using a phosphorimaging with 

a Typhoon FLA 9500 phosphoimager (GE healthcare, Chalfont St Giles, UK). The molecular 

weights of the DNA fragments were calculated using the Phoretix ID quantifier (Nonlinear 

Dynamics, Newcastle Upon Tyne, UK).   

Statistical analyses 

Gene expression data across different groups was analysed using Graph Pad Prism 5 (Graph 

Pad Software, Inc., CA, USA) using non-parametric tests (Mann-Whitney U test and /or 

Kruskal-Wallis test) or Spearman correlation as appropriate, not assuming Gaussian 

distribution. The criterion for significance was p≤0.05. 

Standard curves 

Four to Five point cDNA dilution series spanning across the expected concentration range was 

used for experimental samples. The results were plotted with the nucleic acid quantity on x-

axis and cycle threshold on y axis. The slope of the curve was used to calculate reaction 

efficiency, for which the acceptable range was 90-110% for all primers used. The acceptable 
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R2 of the standard curve was around 0.98.  Below are the standard curves for TERRA 1q-2q-

4q-10q-13q-22q, 16p and 20q (Fig 1).  

 

Fig. 1A TERRA 1q-2q-4q-10q-13q-22q 

 

 

Fig. 1B TERRA 16p 

 

 

Fig. 1C TERRA 20q 

 

Fig 1. Standard curves for (A)TERRA 1q-2q-4q-10q-13q-22q with efficiency 101.1% (B) TERRA 16p 

with efficiency 95.2% (C) TERRA 20q with efficiency 105.2%.  

Results 
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TERRA levels show a dynamic pattern in the healthy human endometrium 

Both the endometrium and myometrium demonstrated all TERRAs examined (chromosomes 

1q-2q-4q-10q-13q-22q, 16p and 20q), and myometrial TERRA levels were consistent in all 

samples whereas the endometrial TERRA levels of individual samples were spread across a 

wider range (Fig. 2 ).  

Isolated freshly harvested epithelial and stromal cells also demonstrated all three TERRAs, and 

the TERRA levels were consistently higher in the stromal fraction when compared with the 

endometrial epithelium (Fig.3 ). 

 

 

Fig 2. TERRA expression in human endometrium (n=4) and myometrium (n=4). TERRA1q-2q-4q-10q-

13q-22q and TERRA16p levels were similar in endometrium and myometrium whereas TERRA 20q 

levels were slightly higher in myometrium however this was not statistically significant (P=0.34; Mann 

Whitney test)   
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Fig 3. TERRA expression in both isolated freshly harvested epithelial and stromal cells. TERRA 1q-2q-

4q-10q-13q-22q, TERRA16p and TERRA 20q levels were higher in stromal fraction (n=3) when 

compared to the epithelial fraction (n=3), however due to the small sample size no statistical analysis 

was performed.  

 

Healthy human endometrium demonstrated a dynamic pattern of TERRA levels in the pre and 

post-menopausal endometrium (Fig. 4).   

Individual TERRAs had a unique TERRA-specific pattern across the menstrual cycle in the 

healthy endometrium (Fig. 4). Ch-20q TERRA levels were increased in the secretory phase 

where glandular proliferation is low and the highest levels were observed in the proliferatively 

quiescent postmenopausal endometrium (P=0.02). The lowest levels were seen in the 

proliferative phase where cellular proliferative indices were high (Fig.4 ).  

Eutopic endometrium of women with endometriosis showed no significant 

difference in TERRA levels 

We examined the secretory phase endometrium of women with endometriosis, a benign 

proliferative disease postulated to be associated with progesterone resistance and a well-

established high endometrial TA (Hapangama et al., 2008b).  

TERRA RNA levels were not significantly different between women with and without 

endometriosis (TERRA1q-2q-4q-10q-13q-22q P=0.07, TERRA16p P=0.45, TERRA 20q 

P=0.28; Mann Whitney test) (Fig.5 ).  
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Fig 4. TERRA expression in human endometrium across different phases of menstrual cycle and post-

menopausal state. Levels of TERRA1q-2q-4q-10q-13q-22q and TERRA16p were higher in secretory 

(n=9) phase of menstrual cycle when compared to proliferative phase (n=6) (TERRA 1q-2q-4q-10q-

13q-22q P=0.23, TERRA 16p P=0.09; Mann Whitney test). TERRA 20q levels were significantly high 

in postmenopausal endometrium (n=7)  compared to the proliferative phase on menstrual cycle (P=0.02, 

Mann Whitney test).  

 

Endometrial cancer is associated with a significant decrease in TERRAs 

TERRA levels were decreased in EC when compared with the healthy postmenopausal 

endometrium (Fig.6) and the reduction was significant for both Ch-16p (P=0.002) and Ch-20q 

(P=0.001) TERRAs.   

TERRA levels did not change with tumour grades or stages of EC (Fig.7).  

Telomerase activity is higher in proliferative phase of menstrual cycle and in 

ECs 

TA is found in the endometrium in spite of it being a somatic organ. It has been previously 

reported that TA is low in stromal component of the endometrium, compared to the epithelium. 

During the menstrual phase, higher trend for TA in the proliferative phase compared with the 

secretory phase (P=0.04, Fig 8) and postmenopausal endometrium (P= 0.24).    
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Fig 5. TERRA expression in eutopic endometrium of women with endometriosis compared to secretory 

phase endometrium in healthy women. Levels of TERRA1q-2q-4q-10q-13q-22q, TERRA16p and 

TERRA 20q in eutopic endometrium (n=10) were similar in secretory phase (n=9) of menstrual cycle 

(TERRA1q-2q-4q-10q-13q-22q P=0.07, TERRA 16p P=0.45, TERRA 20q P=0.28; Mann Whitney test).  

Endometriosis is thought to be a benign proliferative disease associated with high TA. 

Similarly high TA is seen in ECs compared to postmenopausal phase (P=0.18, Fig.9) whilst no 

significant change was observed in TA for the different grades (Fig.9 ). 

Endometrial TERRA levels correlated with each other, the proliferative 

marker Ki67, PR steroid receptors and shelterin protein TRF1 but did not 

correlate with TA and hTERC 

TERRA levels of all samples (healthy and pathological) demonstrated a strong positive 

correlation with each other (Ch-1q-2q-4q-10q-13q-22q and Ch-16p, r =0.49, P=0.001; Ch-1q-

2q-4q-10q-13q-22q and Ch-20q = 0.48, P=0.001; Ch-16p and 20q, r =0.78, P=< 0.0001) but 

did not significantly correlate with TA. However, when the benign endometrium is considered, 

Ch-16p TERRA levels correlated positively with hTERC levels (r =0.32, P=0.03). In all 

samples, Ki 67 proliferative indices correlated negatively with Ch-16p and Ch-20q TERRA (r 

= -0.35, P=0.03; r = -0.42, P =0.01 respectively). 
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Fig 6. TERRA expression in ECs compared to postmenopausal healthy endometrium. Levels of 

TERRA16p and TERRA 20q in ECs (n=24) were significantly decreased than in post-menopausal 

endometrium (n=7) (TERRA1q-2q-4q-10q-13q-22q P=0.36, TERRA 16p **P=0.002, TERRA 20q 

***P=0.001; Mann Whitney test).  

 

 

Fig 7. TERRA expression in low grade (EAC grade 1 and 2) (n=13) and high grade ECs (EAC grade 3 

and type 2 ECs) (n=11). There was no change in levels of TERRA1q-2q-4q-10q-13q-22q, TERRA16p 
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and TERRA 20q in different grades of ECs (TERRA1q-2q-4q-10q-13q-22q P=0.49, TERRA 16p P=0.22, 

TERRA 20q P=0.73; Mann Whitney test).  

 

 

 

Fig 8. TA in human uterine tissues measured using TRAP. (A) Comparison of TA in endometrium 

(n=3) and myometrium (n=4), shows TA higher in endometrium (P=0.23; Mann Whitney test). (B)TA 

across different phases of menstrual cycle and post-menopausal endometrium (n=6). TA significantly 

high in proliferative phase (n=6) compared to secretory phase (n=6) of menstrual cycle (*P=0.04; Mann 

Whitney test). (C) TA in secretory endometrium of healthy women (n=6) compared to women with 

endometriosis (n=10). TA higher in endometrium of patients with endometriosis, however this is not 

statistically significant (P=0 .18; Mann Whitney test).  

Ch-16p TERRA correlated negatively with the LESQS scores for PR (r = -0.40, P=0.02). The 

LESQS for other hormone receptors did not show a significant association with TERRA levels 

(Table 5). Shelterin proteins TRF1/2 are known to interact with TERRA and immunostaining 

and quick-scores for TRF2 positively correlated with  Ch-1q-2q-4q-10q-13q-22q , Ch-16p and 

Ch-20q TERRA levels (Ch-1q-2q-4q-10q-13q-22q r =0.49, P=0.007; Ch-16p r =0.61, 

P=0.001and Ch-20q r =0.53, P=0.003, Table 5).   

Telomere length in EC 

When STELA results were analysed, there were differences in observed between healthy 

postmenopausal endometrium and EC samples in both telomere lengths and variance (SD) of 

the distribution at the XpYp chromosomes. 



145 
 

 

 

Fig 9. TA in post-menopausal endometrium and ECs. (A) Comparison of TA in post-menopausal 

endometrium (n=6) and ECs (n=20), shows TA higher in ECs however not statistically significant 

(P=0.19; Mann Whitney test). (B) In this study, it is noted that there is no change in TA in both low 

grade (n=10) and high grade ECs (n=10) (P=0 .74; Mann Whitney test).  

 

Postmenopausal endometrial samples demonstrated considerable telomere length 

heterogeneity with telomeres at XpYp chromosomes ranging in one sample from 1.3kb to 21.7 

kb (Fig 10A).   

Consistent with previous reports (reviewed in (Alnafakh et al., 2019)), ECs displayed shorter 

telomeres when compared with healthy postmenopausal endometrium (P=0.002, Fig 10B).  

We found a trend towards a decrease of telomere lengths in older women; however, this 

difference was not significant (Spearman correlation r=0.01, P=0.91, Fig 10C).   

Discussion 

I report the first comprehensive study on the levels of long non-coding RNAs, TERRA in 

healthy human endometrium in pre and postmenopausal women, and its expression in benign 

(endometriosis) and malignant (EC) endometrial proliferative pathologies. This study reports 

levels of three different TERRAs in the context of TA, ovarian hormone receptor and shelterin 
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proteins TRF1/2 expression levels and proliferative indices of the same patient-derived 

endometrial samples.  

All methods available to measure TERRA levels have method-specific draw-backs: qPCR may 

be biased by the production of short transcripts, modified northern blot protocol may measure 

UUAGG content rather than TERRA and RNA-FISH problematic quantification and may 

under-estimate nuclear TERRA. We selected qPCR for its superior quantification utility and 

reproducibility.   

Human endometrium is a unique somatic organ demonstrating dynamic TA, which regulates 

epithelial proliferation (Hapangama et al., 2008b), (Valentijn et al., 2015), (Hapangama et al., 

2017). High TA levels were observed in the epithelial compartment, which has relatively 

shorter telomere lengths compared with the stromal cells (Valentijn et al., 2015).  A paradoxical 

higher TERRA levels were observed in the isolated stromal cells when compared to the 

endometrial epithelium. In agreement, in benign healthy endometrium, TERRA levels appear 

to negatively correlate with epithelial proliferative indices. During the menstrual cycle, the 

lowest TERRA levels were observed in the proliferative phase, which has been reported to be 

associated with high TA and relatively longer telomere length (Valentijn et al., 2015). For 

example, Ch-20 TERRA levels were upregulated in the in the secretory phase, where glandular 

proliferation is low, and the highest levels were observed in the proliferatively quiescent 

postmenopausal endometrium. Collectively, my data suggest TERRA may have an anti-

proliferative function in the human endometrium.    

Each of the TERRA levels had a unique pattern suggesting TERRA specific regulation. Non-

replicative cells with shorter telomeres undergo subtelomeric rearrangement during the 

quiescent phase, and this further results in increased transcription of non-coding TERRA 

agreeing with our data for Ch-20 TERRA (Maestroni et al., 2017). Other studies also have 

demonstrated that quiescent telomerase positive yeast cells have higher TERRA levels 

compared to the replicating cells (Maestroni et al., 2017).  

 

TRF1 and 2 are shelterin proteins which protect the chromosomal ends from fusion and 

initiation of DNA damage response, help regulate TA through a negative feedback mechanism 

(van Steensel and de Lange, 1997).  
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Table 5. Correlation of endometrial TERRA levels with each other, hTERC, steroid receptors, shelterin proteins and TA. TERRA show a strong positive 

correlation with each other but no significant correlation with TA (TERRA 16p and TERRA 20q, r =0.78, P=< 0.0001; TERRA16p and TERRA 1q-2q-4q-10q-

13q-22q, r =0.49, P=0.001; TERRA 20q and TERRA 1q-2q-4q-10q-13q-22q = 0.48, P=0.001). TERRA 16p and 20q negatively correlate with Ki67 (TERRA 16p, 

r = -0.35, P=0.03; TERRA 20q, r = -0.42, P =0.01). TERRA 16p positively correlated with hTERC in benign endometrial samples (r =0.32, P=0.03). Amongst 

steroid receptors, TERRA 16p correlated negatively with LESQS score for PR (r = -0.40, P=0.02). All TERRAs positively correlated with TRF2 quick score 

(ch1q-2q-4q-10q-13q-22q  r =0.49, P=0.01; ch16p r =0.61, P=0.001; ch20q r =0.53, P=0.003 ). (I would like to thank the following collaborators have helped 

me with obtaining all data for the correlation study: TRAP Dr G Saretzki, TERRA 1q-2q-4q-13q-22q Shannon Simon, TRF1 Dr Lucy Button and steroid 

receptors Dr Rafah Alnafakh).

Table 5. Correlation of TERRA 1, TERRA 16 TERRA 20, AR, PR, ERα, Erβ, Ki67, TRF 1, TRF 2, TRAP and hTERC  in all endometrial samples  

    TERRA1 TERRA16 TERRA20 AR PR ERα  ERβ  Ki67 TRF1 TRF2 TRAP hTERC 

TERRA1  r  0.4885 0.4841 -0.0816 -0.1068 -0.0579 0.0156 -0.147 0.3324 0.4884 -0.2192 -0.0343 

  P  0.0008 0.0009 0.6465 0.5543 0.7411 0.9293 0.3854 0.1307 0.0072 0.0953 0.785 

TERRA16 r 0.4885  0.7792 -0.2828 -0.3997 0.1462 0.1325 -0.3487 0.2309 0.6079 -0.2362 0.1031 

  P 0.0008  < 0.0001 0.1051 0.0212 0.4019 0.4479 0.0319 0.3011 0.0005 0.0717 0.4027 

TERRA20 r 0.4841 0.7792  -0.1727 -0.2094 0.198 0.0831 -0.4156 0.34 0.533 -0.1509 0.0776 

  P 0.0009 < 0.0001   0.3288 0.2423 0.2543 0.635 0.0095 0.1216 0.0029 0.254 0.5296 
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Fig 10. Telomere lengths in post-menopausal endometrium and EC’s (A) This graph demonstrates the 

differences in telomere length heterogeneity and variance (SD) of the distribution at the XpYp 

chromosomes in post-menopausal endometrium (n=7) and EC’s (n=6) (B) EC’s demonstrate shorter 

telomeres compared to post-menopausal endometrium (**P=0.002) (C) Correlation of telomere lengths 

with age, showed no statistical significance however there was a trend of shorter telomeres in older 

women ( r=0.01, P=0.91). (I would like to thank our collaborators, Dr Rhiannon Jones and Prof Duncan 

Baird, University of Cardiff for kindly performing the STELA experiments)   
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The publically available, “The Cancer Genome Atlas” (TCGA) cohort of uterine cancers 

(TCGA) dataset suggests high expression of TRF1 in ECs to be a poor prognostic indicator 

(Fig 11). Furthermore, TERRAs can bind to other chromosomal locations other than telomeres 

(Schoeftner and Blasco, 2008) and the interaction between TERRA and TRF1/2 ensures that 

these transcripts remain tethered to these telomeric domains (Deng et al., 2009). In our study, 

TRF1 protein expression correlated with Ch-20 TERRA, and therefore the potential interaction 

between TRF1 and Ch-20 TERRA may have a regulatory effect on other telomeres as well.  

 

Fig 11. Kaplan-Meier survival curve in TCGA dataset for uterine cancer patient cohort shows that 

high TRF1 is associated with poor survival. 

Endometriosis is known to be associated with progesterone resistance and high TA 

(Hapangama et al., 2008b). Although TERRA levels did not differ in the endometria of women 

with and without endometriosis, TERRA levels were significantly low in ECs with known high 

TA (Kyo et al., 1999a). Recent study analysing the endometrioid and serous cancer samples 

from the TCGA dataset, reported EC to be one of the cancers with the shortest mean telomere 

lengths amongst 31 different cancers (Barthel et al., 2017). In cancers without high TA, longer 

telomeres associate with high TERRA levels. Therefore, we present this interesting observation 
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in ECs the opposite to be true, with high TA, short telomeres, and reduced TERRA levels. The 

benign endometrial proliferative condition endometriosis which also has high endometrial TA 

but longer telomeres, does not demonstrate significant alterations in TERRA levels. 

Contrastingly, EC with high TA but shorter telomeres is associated with low TERRA, 

suggesting more complex, pathology-specific, telomere biology. Furthermore, considering the 

proposed anti-telomerase action of TERRA, the reduction of TERRA may provide a proliferative 

advantage for the ECs. This aspect warrants further studies to ascertain the functional role of 

TERRA in the endometrium and in EC.  

In conclusion, TERRA levels are dynamic in human endometrium, and significantly lower 

TERRA levels are found in ECs. The dynamic changes in TERRA levels suggest hormone 

regulation and therefore I progressed to examine the hormone regulation of TERRA levels in 

the work described in Chapter 6. Since my study has shown TERRA levels to be inversely 

related to the cellular proliferative indices, further studies are needed to determine whether they 

can be successfully modified and tailored as a therapeutic target in endometrial proliferative 

conditions.  
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Chapter 6: Hormonal regulation of hTERC and TERRA in 

the endometrium; implication for endometrial 

carcinogenesis 
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Introduction 

Endometrium is complex, dynamic tissue composed of epithelial (luminal and glandular) and 

stromal cells, which undergoes monthly growth, differentiation, shedding and regeneration 

(Hapangama et al., 2015). Endometrium undergoes efficient regeneration, which is mainly due 

to endometrial stem cells (Tempest et al., 2020). The human endometrium has two distinct 

layers, superficial stratum functionalis and deeper stratum basalis (Ferenczy and Bergeron, 

1991). Stratum functionalis is composed of luminal epithelium, mainly contains glandular 

epithelium and stroma, and is shed every month (Gargett et al., 2008). The functionalis layer 

can be divided into two zones, deeper sone contains loosely organized stroma and superficial 

zone with more compact stroma (Wynn, 1989) and stromal component has fibroblasts and 

immune cells (Simitsidellis et al., 2018). The stratum basalis mainly consists of endometrial 

glands and dense stroma. The basalis layer is not shed in the monthly cycle and exists even 

after menopause as atrophic inactive postmenopausal endometrium (Chhieng and Hui, 2011). 

The stem cells are proposed to reside in the basalis layer (Valentijn et al., 2013). In addition to 

the structural difference between the functionalis and basalis, there are functional difference, 

for example in the hormone responsiveness between the two layers (Padykula et al., 1989). 

Some studies have discounted the differences between these layers and also the dynamic nature 

of functionalis (Argenta et al., 2014).  

Previously it was thought that endometrial glands were of single and ductular conformation, 

however, the recent seminal work on 3D architectural organisation of the epithelial 

compartment has demonstrated that the functionalis glands originate from a complex network 

of basalis glands (Tempest et al., 2020).  

The endometrial proliferation is regulated by ovarian steroid hormones and are directly 

implicated in endometrial carcinogenesis (Hapangama et al., 2015). Cells in the endometrium 

respond to ovarian steroid hormones, which coordinate proliferation, differentiation, apoptosis, 

and recruitment of cells in spatiotemporal manner (Simitsidellis et al., 2018). All steroid 

receptors, ER, PR, AR, and glucocorticoid receptors (GR) are expressed within human 

endometrium (Critchley and Saunders, 2009). Oestrogens, progesterone, and androgens are 

three main ovarian steroid hormones which act on endometrial cells via their cognate receptors 

(Hapangama and Bulmer, 2016). 
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Figure 1. Schematic representation of 3D architectural organisation of endometrial epithelial 

compartment, demonstrating complex basalis glands running alongside the myometrium 

reproduced as published by Tempest N, Jansen M, Baker AM, Hill CJ, Hale M, Magee D, 

Treanor D, Wright NA, Hapangama DK. Histological 3D reconstruction and in vivo lineage 

tracing of the human endometrium. J Pathol. 2020 Aug;251(4):440-451. doi: 

10.1002/path.5478. Epub 2020 Jun 30. PMID: 32476144. 

 

17β-oestradiol and oestrones are two main oestrogens, which exert an effect on endometrium 

(Vani et al., 2008), (Crandall and Barrett-Connor, 2013). Both oestrogen and progesterone exert 

their functional effects via specific, high affinity, nuclear receptors, which regulate expression 

of downstream genes (Cheung and Kraus, 2010). The progesterone and oestrogen receptor 

signalling pathways are regulated in an epithelium and stromal component-specific manner.  

There are two isoforms of ER, ERα and Erβ, which are similar in structure however have 

distinct patterns of expression in different conditions (Hewitt and Korach, 2003). Progesterone 

receptors (PR) have two isoforms, PR A and PR B, which have identical structure (Jacobsen 

and Horwitz, 2012). AR is a nuclear receptor which functions as a ligand-activated transcription 

factor (Lee and Chang, 2003). Testosterone can activate AR directly or by getting converted 

into 5α-dihydrotestosterone (DHT), which is the more potent agonist at AR (Lee and Chang, 

2003). Endometrium is also an organ with intracrine androgen regulation since studies have 
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demonstrated  endometrial expression of enzymes capable of converting precursor steroids to 

testosterone and DHT (Simitsidellis et al., 2018). Studies on rodent uteri have demonstrated 

that androgens stimulate growth and differentiation of endometrium and myometrium via AR 

and this effect is similar to ER (Kamal et al., 2016b). However, the findings of androgen 

stimulated uterine hypertrophy are not proven in human uteri. There is also complex interaction 

between coactivators and co repressors with the steroid receptors. Another interesting aspect 

of steroid receptors is that they interact dynamically with chromatin, regulated by chromatin 

remodelling, chaperones, binding of other transcription factors (Grontved and Hager, 2012).  

Studies have demonstrated that there is cyclical variation in ER and PR expression in 

endometrium (Mylonas et al., 2007). Human endometrium has strong ER and PR expression 

during the proliferative phase, which decreases during the secretory phase (Mertens et al., 

2001). Proliferative endometrium expresses high levels of steroid receptors in the glandular 

component as a result of increased oestradiol concentration (Snijders et al., 1992). Mylonas et 

al (2007) have reported that glandular ERβ expression is highest in proliferative phase and 

declines throughout the secretory phase of the cycle. They also hypothesise that ERβ 

distribution, action and transcriptional effect is different to ERα. It is reported that transcription 

of PR is oestrogen dependent and inhibited by progesterone (Savouret et al., 1994b), (Savouret 

et al., 1994a). PR expression in glandular component is highest in proliferative phase and 

decreases after ovulation. In endometrial stroma, no variation in PR expression is observed 

throughout the menstrual cycle (Snijders et al., 1992). Amongst both isoforms of PR, it is 

thought that PR A induces cell senescence and PR B induces a secretory phenotype of cells 

(Dai et al., 2002). AR Positive cells in the functionalis layer during proliferative phase are 

endometrial fibroblasts, and these are also present in the basalis throughout the cycle (Gibson 

et al., 2018). In secretory phase, AR is downregulated in stromal component of the functionalis 

and upregulated when progesterone levels decline in late secretory phase or exposure to 

progesterone receptor modulator/antagonists (Marshall et al., 2011), (Whitaker et al., 2017). 

The regulation of AR by androgens is considered to be a feed-forward mechanism of androgen 

action in the endometrium (Chadha et al., 1994). Current evidence suggests androgens and 

oestrogens positively regulate AR expression whereas progesterone downregulates AR in the 

endometrium (Fujimoto et al., 1995), (Mertens et al., 2001), (Burton et al., 2003), (Narvekar et 

al., 2004).  

Postmenopausal endometrium is mainly composed of inactive glands with stroma similar to 

stratum basalis. Postmenopausal mileu has characteristically absence of oestradiol and 

progesterone, but presence of oestrone and androgen which may help the maintenance of ER 
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and PR expression in endometrium (Sivridis and Giatromanolaki, 2004). Kamal et al have 

reported that postmenopausal endometrium has higher epithelial AR, ERα and similar ERβ and 

PR expression compared to basalis layer of premenopausal endometrium (Kamal et al., 2016a).   

Human endometrium undergoes a complex functional change throughout the reproductive 

period, the processes include proliferation, repair of endometrium, angiogenesis, cell 

differentiation, matrix remodelling, and all these changes occur as a response to hormones.  

The common exogenous hormones which are used in gynaecological practice and have a role 

in regulation of endometrium are oestrogen, progesterone, androgens and GnRH analogues. 

Oestrogen induces growth of endometrium via cellular  proliferation (Groothuis et al., 2007) 

and oestrogen triggers endometrial angiogenic activity in response to post menstrual hypoxia, 

by upregulating angiogenic factors such as VEGFA (Punyadeera et al., 2006), (Groothuis et al., 

2007). Conversely, progesterone leads to decrease in endometrial cellular mitotic activity 

(Taraborrelli, 2015) and during the luteal phase, it also  prompts extensive vascular 

development and differentiation of stromal cells into decidual cells (Rider et al., 1998). Short 

term use of androgens does not stimulate human endometrial proliferation, yet the long-term 

effect of androgens on the endometrium is not fully clear (Zang et al., 2007).  

GnRH agonists have an anti proliferative effect in human endometrium by suppression of 

ovarian steroid production and by a direct effect on cell apoptosis (Emons et al., 1998). GnRH 

agonists not only reduce the production of oestrogen but also reduce the metabolism of 

oestrogen in the endometrium (Ishihara et al., 2003). 

In chapters 4 and 5, I demonstrated that hTERC and TERRA varied throughout the menstrual 

cycle and changes in levels were noted in proliferative, secretory phases, postmenopausal 

endometrium. This suggests hormonal regulation. Therefore, to further study the hormonal 

regulation on hTERC and TERRA levels, I explored the effect of hormonal treatment on 

endometrial epithelial cell hTERC and TERRA levels in vitro using an established EC cell line, 

Ishikawa (ISK) cell model. ISK cells contain all 4 ovarian hormonal receptors and are hormone 

responsive. Furthermore, to assess the in vivo hormonal regulation, hTERC and TERRA levels 

in endometrial samples derived from women on exogenous hormones (GnRH analogues 

simulating hypo-estrogenic status and Levonorgestrel Intrauterine System (LNG-IUS), 

providing high dose synthetic progestogens) were analysed. GnRH analogues cause an atrophic 

effect on the endometrium hence mimic the postmenopausal phase, whereas LNG-IUS releases 

high doses of progestogen in the endometrial cavity and prevent estrogenic action in the 

endometrium. Both these hormonal agents were chosen due to their protective role in 

endometrial proliferation and in carcinogenesis. GnRH analogues cause down-regulation of 
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proliferation, induce apoptosis and are used as a part of fertility preserving therapy in 

endometrial hyperplasia or early EC (Emons and Grundker, 2021). Progesterone controls 

oestrogen driven proliferation can promote inhibition of growth and apoptosis (Kim and 

Chapman-Davis, 2010).   

 

Materials and Methods 

Endometrial tissue samples 

Details of the Ethical approval are provided in page 15. Endometrial samples were collected 

from women without any endometrial pathology, with regular periods and who were not on 

any hormonal treatment for at least 3 months in proliferative phase (n=6), secretory phase (n=9) 

and women in postmenopausal period (n=7).  Women treated with exogenous hormones such 

as Gonadotropin releasing hormone (GnRH) agonists (n=10), and Levonorgestrel Intra uterine 

system (LNG-IUS/Mirena, n=11) also donated endometrial samples. The endometrial samples 

were dated according to histological criteria and patient-claimed last menstrual date.   

Once collected, endometrial and myometrial samples were divided into three, and immediately 

placed in i) RNAlater for RNA extraction, ii) NBF for paraffin embedding and iii) snap frozen 

for TRAP assay. Three further endometrial samples were also retrieved in collection media as 

previously described for cell separation (Valentijn et al., 2013). Patient clinico-pathological 

and demographic details were retrieved from the clinical notes and databases (Table 1).  

 

Table 1. Demographic details of patients included in this study 

Study groups (n) *Age (years)  *BMI (kg /m2) 

Proliferative phase (7)                  43(32-57) 27.8(22-40.5) 

Secretory phase (9) 41(21-47) 22.6(18.9-31.6) 

Postmenopausal (7)   62(52-85) 24.3(20-39.6) 

Women with Levonorgestrel 

IUS (11) 
34.5(26-47) 25(18.8-33.4) 

Women treated with GnRH 

analogues (10) 
41(32-49) 31.1(21.8-35.5) 

*Data expressed as median (range) 
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BMI- body mass index 

  

RNA extraction and Real Time-qPCR 

RNA was extracted, quantified and reverse transcribed as previously described in chapter 3 

(Mathew et al., 2016).  cDNA was amplified using iTaq universal SYBR Green supermix and 

CFX Connect Real Time System (Bio-Rad, Hertfordshire, UK). Forward and reverse primers 

used, and the reaction conditions are listed in Table 2 and 3. Relative transcript level was 

calculated using the ΔΔCT method, normalised to the reference genes, beta actin (ACTB) and 

peptidylprolyl Isomerase A (PPIA) using Bio Rad CFX Manager (Bio-Rad, Hertfordshire, 

UK). 

TRAP assay 

TRAP assay was kindly performed by Dr Gabriele Saretzki, Lecturer in Ageing Research, 

Biosciences Institute and Newcastle University Institute for Ageing, Campus for Ageing and 

Vitality, Newcastle. The protocol is as described in chapter 4. TA was measured using 

TeloTTAGGG TRAP assay (Telomere Repeat Amplification Protocol assay; Roche 

Diagnostics, Ltd, Burgess Hill, UK) using 1µg of lysate (Valentijn et al., 2015). Amplification 

product after 30 cycles were measured as absorbance at 450nm in a Fluostar Omega Plate 

reader (BMG Labtech) and presented as AU.  

 

Table 2. Primer sequences used for qPCR amplification  

Primer  Sequence References 

PPIA 
F:5’- AGACAAGGTCCCAAAGAC-3 

R:5’- ACCACCCTGACACATAAA-3 

(Jacob et al., 

2013) 

ACTB 
F:5'TGTACGCCAACACAGTGCTG-3 

R:5'GCTGGAAGGTGGACAGCGA-3 

(Wang et al., 

2015) 

TERC 
F:5’- GCCTTCCACCGTTCATTCTA-3 

R:5’- CCTGAAAGGCCTGAACCTC-3 
(Chai et al., 2011) 

TERRA Ch 1q-2q-4q-10q-13q-22q 
F:5'GAATCCTGCGCACCGAGAT 

R:5'CTGCACTTGAACCCTGCAATAC 

(Diman et al., 

2016) 

TERRA Ch16p 
F: 5'TGT GTT TCA ACG CTG CAA CTG 

R: 5'AGT TAG AAC GGT TCA GTG TG 

(Wang et al., 

2015) 

TERRA Ch20q 
F:5'GAAGTTGCTGGGTTCTATGG 

R:5'ATGGTGCAGACACTGTGG 

(Montero et al., 

2016) 
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Table 3. qPCR Conditions 

  Initial  

Denature 

Denature Anneal / 

Extension 

 Cycles Efficiency 

T
a

rg
et

 G
en

e 

PPIA 95°C 2min 95°C 5s 60°C 30s 40 100.1% 

ACTB 95°C 

10min 

98°C 5s 95°C 10s 

60°C 30s 

40 94.6% 

TERC 95°C 2min 95°C 5s 60°C 30s 50 86.1% 

TERRA1q-2q-4q-

10q-13q-22q 

TERRA 16p 

TERRA 20q 

95°C 

10min 

98°C 5s 95°C 10s 

60°C 30s 

50 101.1% 

 

95.1% 

105.2% 

Abbreviations: PPIA, peptidylprolyl isomerase A; ACTB, beta-actin 

Cell culture 

All cell-culturing procedures were performed under sterile conditions in Biomat2class II hoods 

(CAS, Manchester, UK) by Dr Rafah Alnafakh. The cell culture protocols available at the 

Centre for Women’s Health Research (CfWHR) laboratories were followed and cell lines 

mentioned below were cultured at the CfWHR laboratories. Cells were subsequently pelleted 

for TRAP and RNA extraction for qPCR.     

Ishikawa cell line culturing 

The culturing experiments were kindly performed by Dr Rafah Alnafakh, PhD student, 

University of Liverpool. The protocol for ISK cell line culturing used by Dr Rafah Alnafakh, 

is as described below. The ISK cell line, which was developed from a well-differentiated grade 

1 human endometrial adenocarcinoma was obtained from Public Health England (Salisbury, 

UK). These cells were maintained and grown in a 10 cm culture dish containing MEM/F12, 

10% FBS supplemented with L-glutamine and antibiotic penicillin / streptomycin. Cells were 

incubated at 37°C under 5% CO2 in humidified atmosphere. The medium was changed 24 

hours after seeding and renewed at intervals of 48 hours until cell culture achieved sub 

confluence status. Cells were passaged at 1:5 dilutions using trypsin, the 3rd to 12th passages 
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were used for the experiments. The cells were prepared for steroid treatment by preconditioning 

in DMEM/F12 (phenol-free, Life Technologies, UK) supplemented with antibiotic and 2% 

charcoal-stripped FBS for 48 hours prior to the experiment.   

In vitro hormone treatment 

The protocol for in vitro treatment of cells used by Dr Rafah Alnafakh, PhD student, University 

of Liverpool is as described below. Cultured ISK cells were maintained in Dulbecco modified 

Eagle medium/F12 medium supplemented with 10% (v/v) fetal bovine serum, L-glutamine, 

and penicillin/streptomycin at 37 °C in a 5% CO2 atmosphere. ISK cells were allowed to grow 

in DMEM/F12 (phenol-red free; Life Technologies, Paisley, UK) with 2% (v/v) charcoal-

stripped FBS for 48 hours prior to the hormonal treatment. The cells were treated with 17β 

oestradiol (E2; 10−8 M), progesterone (P4; 10−6 M) (progesterone; Merck, Nottingham, UK) 

and 5α dihydrotestosterone (DHT; 10−6 and 10-8 M) individually and in combination (E2+P4) 

for 12-72 hours. The experiments using DHT tested two concentrations, (1) DHT 10-8 M, the 

physiological dose and 10-6 M supraphysiological dose were examined at 0, 12, 48 hours.  

The medium containing progesterone was changed twice daily. All cell culturing procedures 

were accomplished under sterile conditions in BioMat2 Class II hoods (CAS, Manchester, UK).  

All cell culture reagents and steroid hormones were purchased from Sigma-Aldrich (Dorset, 

UK) unless stated otherwise. Cells were subsequently pelleted for TRAP and RNA extraction 

for qPCR. 
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Figure 2. Diagramatic representation of cell culture and hormonal treatment experiments and methods 

used.  

 

 

Results 

Telomerase activity has variable response to different hormones 

The effect of the 3 main ovarian hormone treatments were tested in the same in vitro model 

using the hormone responsive endometrial epithelial cell line, Ishikawa. Ishikawa cells grown 

in 2D were tested with (1) E2, (2) P4 (3) E2+P4 in combination and (4) DHT 10−6 M and (5) 

DHT 10-8 M.  

TRAP data from in vitro studies on endometrial epithelial cell line, ISK, demonstrated  a slight 

increase and decrease in TA in response to E2 at 12 and 48 hours respectively. TA levels 

decreased with P4 and combination of E2+P4 at both 12 and 72 hours however, none of these 

changes were statistically significant (Fig 3.2 A and Fig 3.3 A). With both DHT 10-6  and DHT 

10-8, TA increased initially at 12 hours then decreased at 48 hours  (Fig 3.1 A, Fig 3.4 A and 

Fig 3.5 A).  

 

Progesterone increase hTERC levels in Ishikawa cells In vitro  

hTERC levels appear to increase with E2 (Fig 3.1 B), E2+P4 (Fig 3.3 B) and P4 (Fig 3.2 B) 

treatment at 0,12,72 hours however, significant increase was only seen 72 hours after the 

treatment with P4 and E2+P4 combination treatment {E2; P= 0.72, Kruskal-Wallis test, E2+P4; 

P=0.002, Kruskal-Wallis test , P4; P=0.011, Kruskal-Wallis test}.  

Although there was a trend of increased hTERC levels after 10-6 M DHT treatment at 48 hours 

(Fig 3.4 B), in the cells treated with 10-8M, there was an apparent decrease from 12h but the 

effect appears to wear off by 48h (Fig 3.5 B). None of these differences reached statistical 

significance. Unfortunately, DHT experiments using both doses of the hormone did not include 

assessment beyond 48 hours of treatment unlike with the E2 and P experiments. Therefore, the 

effect of DHT treatment on the hTERC levels on Ishikawa cells is not complete comparative to 

the other experiments with E2 and P4 hormones.   

 

TERRA levels in Ishikawa cells after hormone treatment in vitro suggests a 

variable cell specific effect. 

TERRA 16p levels appear to increase with E2 (Fig 3.1 C), but they decreased with E2+P4 (Fig 

3.3 C) and P4 (Fig 3.2 C) treatment at 0,12,72 hours however, significant increase was only 
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seen 72 hours after the treatment with progesterone alone and both E2+P4 in combination 

{E2;P= 0.72, Kruskal-Wallis test, E2+P4; P= 0.04, Kruskal-Wallis test , P4; P= 0.001, Kruskal-

Wallis test}.  

TERRA 20q appear to have variable response to all hormones, without any significant trend in 

the levels {E2;P= 0.97, Kruskal-Wallis test, E2+P4; P= 0.51, Kruskal-Wallis test , P4; P= 0.84, 

Kruskal-Wallis test} (Figure 3.1 D to Figure 3.3 D). When treated with lower or higher 

concentration of DHT, there was variable response in TERRA (16p and 20q) levels to both 10-

6 and 10-8 concentrations {DHT 10-6 TERRA 16 p P=0.86, TERRA 20q P=0.79 and DHT 10-8 

TERRA 16 p P=0.26, TERRA 20q P=0.16} (Fig 3.4 C&D, Fig 3.5 C&D).  

 

 

3.2 

3.1 

3.3

.4 
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Fig 3. TA, hTERC, TERRA 16p and TERRA 20q levels in Ishikawa cells after hormone treatment (n=3 

in each hormone treatment group). (3.1) TA levels showed a slight increase and decrease in TA in 

response to E2 at 12 and 48 hours respectively. hTERC levels appear to increase with E2 treatment at 

0,12,72 hours without statistically significant change. TERRA 16p levels appear to increase with E2 

treatment at 0,12,72 hours however, TERRA 20q appear to have variable response, without any 

significant trend in the levels. (3.2) TA levels decreased and hTERC levels appear to increase with P4 

at 0,12,72 hours. TERRA 16p levels decreased with P4 treatment at 0,12,72 hours. TERRA 20q appear 

to have variable response, without any significant change. Significant increase was only seen 72 hours 

in hTERC levels and TERRA 16p levels after the treatment with P4 (hTERC ; P=0.011, Kruskal-Wallis 

test, TERRA 16p; P= 0.001, Kruskal-Wallis test). (3.3) TA levels decreased  and hTERC levels increased 

with combination treatment of E2+P4 at both 12 and 72 hours however, none of these changes were 

statistically significant. hTERC levels appear to increase with E2+P4 at 0, 12, 72 hours. TERRA 16p 

levels decreased with E2+P4 treatment at 0,12,72 hour. Significant increase was only seen in hTERC 

levels and TERRA 16p levels 72 hours after the treatment with E2+P4 in combination (hTERC; P=0.002, 

Kruskal-Wallis test, TERRA 16p; P= 0.04, Kruskal-Wallis test) . TERRA 20q appear to have variable 

response to combination treatment. (3.4) and (3.5) With both DHT 10-6  and DHT 10-8, TA increased 

initially at 12 hours then decreased at 48 hours. There was a trend of increased hTERC levels after 10-6 

M DHT treatment at 48 hours, in the cells treated with 10-8M, there was an apparent decrease from 12h 

but the effect appears to wear off by 48h. When treated with lower or higher concentration of DHT, 

there was variable response in TERRA (16p and 20q) levels to both 10-6 and 10-8 concentrations.  

 

 

 

3.5 

3.4

.4 
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TA did not significantly change in endometrium from women who were 

treated with exogenous hormones 

There was no significant difference in endometrial TA when treated by exogenous hormones 

(progestogens and GnRH) (Fig 4). It was noted that TA is slightly higher in progestogens group 

compared GnRH group though these are not significant. TA being lower in GnRH group is 

most likely due least proliferation of endometrium during treatment with GnRH analogues 

which induce atrophic changes.  

hTERC levels did not significantly change in endometrium from women who 

were treated with exogenous hormones 

hTERC levels did not show a significant difference in endometrium exposed to exogenous 

hormones such as progestogens or GnRH (hypo oestrogenic) (Fig 5). Levels of hTERC in 

endometrium treated with exogenous hormones was lower than postmenopausal endometrium 

but was not statistically significant. 

 

Fig. 4 TA in human endometrium across the 

menstrual cycle compared with women treated 

with exogenous hormones. TA did not show any 

significant change in endometria of women treated 

with exogenous hormones LNG-IUS (Mirena) 

(n=11) and GnRH (n=10). TA low in GnRH group.  
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Exogenous hormonal treatment of endometrium suggests a complex cell 

specific effect on TERRA levels 

Endometrium from women on GnRH (hypo-oestrogenic) treatment demonstrated high TERRA 

levels compared to premenopausal endometrium, and this difference was significant for 

TERRA 20q (P=<0.01, Fig 6C). The progestogen (LNG-IUS)-treated endometrial TERRA 

levels did not show a statistically significant difference when compared with endometrium 

from women not on hormone treatments (Fig 6 A, B, C). 

 

 

Figure 6. TERRA levels in human endometrium treated with exogenous hormonal treatment (LNG-IUS  

(n=11) and GnRH agonists treatment (n=10)). Significant increase in TERRA 20q levels in endometrium 

treated with GnRH agonists (P=<0.01; Mann Whitney test).   

Fig 6 

Fig. 5  hTERC levels in human endometrium across 

the menstrual cycle compared with women treated 

with exogenous hormones. hTERC did not show 

any significant change in endometria of women 

treated with exogenous hormones LNG-IUS 

(Mirena) (n=11) and GnRH (n=10) 
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Discussion  

Human endometrium is the primary target organ for ovarian hormones. Endometrial epithelial 

cells can respond to the monthly menstrual change in hormones, since they have oestrogen, 

progesterone and androgen receptors. It has been reported that the gene expressions in 

endometrium change in response to steroid hormones and genome wide DNA methylation 

profiling of endometrium had shown dynamic DNA methylation patterns, interplay between 

steroid hormone and these methylome dynamics appear to regulate the endometrial function. 

Therefore, abnormalities in these may result in endometrial dysfunction and disorders 

(Houshdaran et al., 2014). Oestrogen, progesterone and androgen receptors are classical 

nuclear steroid receptors and their differential expression, in different cells and physiological 

states, contribute to differential effects of the steroids. The pleiotropic effect of steroid 

hormones is due to expression and activity of the co-activators and co-repressors, and this can 

be different in various mammalian species (Young, 2013). Mechanisms through which 

oestrogen and progesterone work is complex, and cell type specific effect of these hormones is 

dependent on expression of receptors, chaperones, co-regulators and chromatin structure 

(Young, 2013).  

Oestrogen in vitro did not show significant effect on TA, hTERC and TERRA levels. However 

when the endometrium of women in different phases of menstrual cycle and in women treated 

with exogenous hormones were considered, higher TA levels in proliferative phase samples 

confirm previous reports of effect of oestrogen induction of TA. Postmenopausal phase is a 

physiological hypooestrogenic phase, whereas GnRH treatment creates a pharmacological 

hypooestrogenic state. GnRH treatment was associated with high endometrial TERRA 20q 

levels and was associated with low TA. There was no difference in hTERC levels, but a low 

oestrogenic state may induce TERRA 20q levels. GnRH and postmenopausal state may not be 

the same, as effect of GnRH on endometrial stroma and various other hormones such as 

androgens can change with age. In premenopausal women, the endometrium is influenced by 

lot of hormones such as androgens, oestrogen, progesterone etc, whereas postmenopausal 

endometrium is quiescent and postmenopausal period is associated with almost complete 

cessation of ovarian hormone production.  

Progesterone in vitro has shown an increase in hTERC levels, a decrease in TERRA16p and a 

decrease in TERRA 20q levels. However in vivo treatment with progesterone did not 

demonstrate any significant effect on either hTERC or TERRA levels in the endometrium. 

Progesterone’s direct effect that we observed on Ishikawa cells in  hTERC and TERRA levels 
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in vitro, was observed in a single cell type cultured in 2D system. However, in vivo treatment 

is rather different, the human endometrium contains multiple cell types including epithelial and 

stromal cells as well as leucocytes and vascular cells, existing in 3D configuration. I therefore 

propose further studies using culture models including all different cell types in the 

endometrium using 3D model systems to examine the clinically relatable effects of hormones 

on the endometrium, to make it more relevant to physiological conditions.  

Combination of oestradiol and progesterone in vitro showed an increase in hTERC and decrease 

in TERRA (16p and 20q) levels, similar to the observation with progesterone only treatment. 

This suggests that even without exogenous addition of oestrogen, the ISK cells exist in an 

oestrogen driven status, and this can be counteracted by adding progesterone.  

Interestingly, TERRA 20q levels were high in GnRH treated endometrium and future studies 

examining the functional effect of TERRA 20q needs to focus on understanding the role of 

GnRH in regulating those functions. GnRH causes atrophy of endometrial functionalis hence 

the persistent basalis layer of the endometrium may be preferentially sampled in these women. 

We already know from previous studies that basalis layer has high TA (Valentijn et al., 2013). 

This suggest that different endometrial layers (functionalis / basalis) may have correspondingly 

different TERRA levels. Furthermore, contamination by myometrial cells in an atrophic 

endometrial sample is also possible and need to be examined in future studies.  

Another limitation of this study is the in vitro model used a 2D single cell type culture model 

which cannot easily be compared with the in vivo effects seen in the endometrium. For example 

the anti-proliferative effect of progesterone on the endometrial glands is thought to be an 

indirect effect via the stromal cells (Li et al., 2011), (Valentijn et al., 2015). Our in vitro mono-

culture system contained only epithelial cells derived from an endometrial adenocarcinoma, 

therefore it may not replicate the complex epithelial/stromal interplay thus the physiological 

effect of the hormone.   

In conclusion, there appear to be a hormonal regulation of levels of hTERC and TERRA in the 

endometrial cells, however, further studies are required to understand the clinically translatable 

effects of each of these hormones on the endometrial hTERC and TERRAs to clarify if they 

have any clinical therapeutic utility in EC. 
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Chapter 7: Harmonisation of biobanking standards in 

endometrial cancer research 
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Introduction 

EC is the most common gynaecological cancer in the developed world and is the fourth most 

common cancer in women (Ferlay et al., 2015). In the UK between 2017-2019, nearly 7 women 

died of and 27 women were diagnosed with EC in the UK every day; with 9703 new cases and 

approximately 2500 deaths reported in a year (CRUK, 2016 - 2018). It has been reported that 

the incidence rate of EC is increasing rapidly and is estimated to increase by 50 -100% by 2025 

(Lindemann et al., 2010). There has been a significant increase in incidence of uterine cancer 

in the UK  by 59% since 1990’s (CRUK, 2016 - 2018). The mortality rates have increased by 

24% in the UK over the last 10 years (CRUK, 2016-2018a). The mortality rates are predicted 

to rise by 19% by 2035 (CRUK, 2016-2018a). In early stages the prognosis of EC is good with 

5 year survival rate is 92% however reduces to  15% in advanced stages (CRUK, 2016 - 2018). 

Finding new prevention, diagnostic, prognostic and therapeutic targets are urgently required to 

reduce the high mortality and morbidity rates associated with EC. Although traditionally, 

researchers have used animal models and cell lines to study cancer, they rarely simulate the in vivo 

environment in humans, thus human tissue samples are critical for EC research. The research methods 

such as immunohistochemistry, based on formalin fixed paraffin embedded tissue allowed 

study of a limited number of proteins only. 21st century has seen evolution of molecular 

oncology by understanding tumour biology, molecular characterisation of tumour pathways 

and processes, development of targeted therapies. Therefore, tissue samples stored in biobanks, 

collected from a wide range of different patients, including for example fresh frozen tissue, 

urine, blood or saliva, play a vital role in providing unique and essential resource for clinically 

relevant scientific studies and also aid to the rapid translation into clinical practice. 

Biospecimens are at the centre of the personalised medicine evolutionary wheel.  

Biospecimens stored in biobanks allow exploration of multiple aspects of endometrial 

carcinogenesis using novel technological platforms in genomics, proteomics, epigenomics, and 

metabolomics that can be collectively and simultaneously applied to the patient samples in 

order to efficiently utilise the resources. This all-encompassing approach is expected to 

substantially reduce the time taken for new basic scientific discoveries to translate as new 

treatments as well as allowing the samples donated by patients to be fully utilised. In the 

previous chapter, I have demonstrated how timing of endometrial biopsies in the context of 

hysterectomy and the method of sampling may affect results obtained from them in chapter 3. 

This highlights how simple deviations in methodology may affect the final results in a study. 
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The success of biobanks depends on internal and external validity of the generated data from 

the biospecimens which depends mainly on their quality, which is in turn dependent on the use 

of standardised protocols and policies in biospecimen collection and demographic data 

associated with it. Variations in biobanking processes such as collecting, processing, storing 

different bio-specimens and the accompanying phenotypic data make it particularly 

challenging to extrapolate or to merge data from different studies (Ransohoff and Gourlay, 

2010) (Tworoger and Hankinson, 2006). The lack of standards and uniformity is considered as 

a roadblock in cancer research by the NCI (NCI, 2011). The irreversible bias introduced by the 

dissimilarities in specimens and data collection are well recognized and many efforts are being 

made by international organizations such as NCI, European Organisation for Research and 

Treatment of Cancer (EORTC),and the UK biobank (Morente et al., 2006), (Morente et al., 

2007), (Yuille et al., 2008), (Peakman and Elliott, 2008), (Vaught and Lockhart, 2012). 

The NCI best practice guidance for biobanks for cancer research, supports optimisation of the 

resources, advocates the policy for minimising the conditions which could critically affect the 

results and quality control or assurance which in turn helps in managing the resource aptly 

(NCI, 2011). This guidance has been effective in raising the awareness and quality of research 

involving bio specimens.  

Although this is an important issue, many parameters of interest, including choice of 

biospecimens, most robust techniques required and clinical data, are cancer-type specific. Thus, 

universal biobanking standards are not necessarily applicable to every cancer-type and should 

be adapted to a specific disease. The importance of cancer specific harmonisation of 

biobanking standards is emphasised by the cancer genome atlas (Kandoth et al., 2013), which 

contains around 532 EC samples with RNA sequencing, copy number variation, proteomic, 

mutation and microarray data. However, the limited clinical data associated with most of these 

samples and datasets severely affects the ability of researchers to draw clinically applicable 

information.  

Therefore, EC specific standardisation of the collection of biospecimens with relevant 

accompanying clinical data sets is a fundamental unmet need in improving future EC research. 

We believe this will promote future large-scale international collaborative research into EC, 

which could steer to a better quality biomarker or treatment breakthrough. Similar 

harmonisation projects have been effectively implemented for other conditions such as 

endometriosis - WERF EPHect, and OVCARE (Wiegand et al., 2010), (Heravi-Moussavi et 

al., 2012), (Vitonis et al., 2014), (Rahmioglu et al., 2014), (Fassbender et al., 2014).  
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With this background and considering the finding of the work described in the previous chapter 

(Chapter 3), we commenced our study (Harmonisation of biobAnking STandards in 

Endometrial caNcer research - HASTEN) to achieve consensus amongst EC researchers; to 

standardise the collection, processing and storage of all bio specimens, and the accompanying 

clinical data for EC research owing to a co-operative effort of patients, researchers, surgeons, 

pathologists, and the biobank staff. We proposed to develop standard operative procedure tools 

which will be regularly updated and freely available for future researchers in EC.    

Consensus generation processes 

There are four formal consensus generation methods described in the literature (Nair et al., 

2011): 1) Delphi method, 2) Nominal Group Technique (NGT), 3) RAND/UCLA 

Appropriateness method (RAM), 4) NIH consensus development conference methodology. 

Following one method is preferable, nevertheless, a combination of two methods can also be 

used, which is referred to be a ‘modified’ consensus method.  The table below shows the 

important differences between different methods (Murphy et al., 1998). 

  

Methods 

Generation of the initial tools  

Literature search 

We performed a systematic review of the literature using the key words ‘endometrial cancer’, 

‘risk factors’ ‘age of presentation’, ‘parity’, ‘menopausal status’, ‘metformin’, ‘progestogens 

or Mirena’, ‘hormone replacement therapy’, ‘polycystic ovary syndrome’, ‘tamoxifen’, ‘bowel 

cancer’, ‘colorectal cancer’, ‘breast cancer’, ‘diabetes’,  ‘hypertension’, ‘ethnicity’, 

Consensus 

development 

method 

 

 

Mailed 

Questionnaires 

Private 

decisions 

elicited 

Formal 

feedback 

of group 

choices 

Face to 

face 

contact 

Interaction 

structured 

Aggregation 

method 

Informal 

 

No No No Yes No Implicit 

Delphi 

method 

Yes Yes Yes No Yes Explicit 

NGT 

 

No Yes Yes Yes Yes Explicit 

Consensus 

development 

conference 

No No No Yes No Implicit 
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‘anthropometric assessment’, ‘smoking’, ‘standard operating procedure’, ‘endometrium’, 

‘blood or plasma or serum’, ‘saliva’, ‘urine’, ‘endometrial fluid’, ‘peritoneal fluid’,  ‘biobank 

best practices’, ‘histopathology markers’, ‘outcomes’, ‘biomarkers’, ‘Laboratory processing 

procedures of tissue, blood and body fluids’, ‘biobanking standards’, ‘SOPs for collection of 

tissue, fluids, blood, saliva, urine’ in Scopus, Discover and Pubmed databases. The literature 

search was limited to studies published in the last 10 years. Out of 3,464 papers identified in 

the initial search, 413 papers were selected for further detailed scrutiny based on the following 

inclusion criteria:  

1. Papers which investigated how the aforementioned factors affect an individual’s risk of 

developing EC. 

2. Publications which proposed SOPs or best practices for the collection, storage and 

processing of the different tissues or fluids.  

3. Papers in English language only.  

4. Papers available as full text via all available resources to the authors (e.g., online 

resources or library facilities at LWH / University of Liverpool, British Medical 

Association (BMA) or Royal College of Obstetricians and Gynaecologists (RCOG).

  

We further conducted manual searches for the relevant manuscripts referenced in these 

selected papers and the relevant guidelines from the large bio repositories.  

Further development of the tools 

1st Local consultation 

The local team at Liverpool, comprising of four members of surgical gynaecological oncology 

team, four Macmillan clinical cancer nurse specialists, two clinical academics with an interest 

in EC research, two pathologists, two biobank staff members and a medical student, developed 

the three forms (Patient data collection tool, surgical data collection tool, biospecimen form) 

and a SOP. These forms and the SOP were based on; a) the information gathered in the 

literature search; b) by considering the forms that were already in use in Liverpool Women’s 

Research Tissue Bank (LWRTB) to collect biospecimens and data in EC research studies. 

LWH is a tertiary referral regional cancer center for gynaecological cancers and is part of the 

Cheshire and Merseyside strategic clinical networks which serves a population of 2.4 million. 

The age standardised incidence rate of EC in the Merseyside and Cheshire cancer network is 

18.3 per 100,000 female members of the population (NCIN, 2013b). c) Standard operating 
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procedures developed by the National Institutes of Health, Human Endometrial Tissue and 

DNA Bank for the collection, transport, storage of human endometrial tissue and blood samples 

of women undergoing endometrial biopsy or hysterectomy for non-malignant indications 

(Sheldon et al., 2011). d) sample handling and storage protocol published by the UK Biobank 

to collect urine and blood samples (Elliott and Peakman, 2008). The forms were revised and 

amended based on the local consultation.   

2nd Regional / National consultation 

The modified versions of the three forms and the SOP mentioned above were disseminated 

amongst three regional and eight national research centres involved in EC  research in the UK 

and forms were revised assimilating their feedback and two different tools, a minimal and a 

standard tool were devised. This pragmatic and inclusive approach provides guidance for 

collecting either a minimal or the ideal “standard” datasets considering the available resources. 

3rd European Consultation 

The modified forms were then circulated to all members of the European Network of 

Individualized Treatment in Endometrial Cancer (ENITEC) and were further revised according 

to feedback received. The revised tools were presented at the annual ENITEC face to face 

meeting in June 2016, where the minimal form was unanimously approved by all 47 attendees. 

Some further modifications were suggested for the standard tool thus was revised accordingly 

and the revised forms were re-populated to all participated in the consultations rounds 1-3 to 

obtain their final approval.  

Consensus generation 

A modified Delphi system was used to generate consensus regarding the final adapted tools. 

For this, the forms were disseminated to a group of selected panel members of representing all 

relevant groups of individuals (patients, gynaecological oncologists, researchers, pathologists 

and biobank staff, randomly selected from the participants of the consultation, n=40) to 

evaluate and score the tools using a score sheet recording their concordance.  

Statistical Analysis 

The consensus round to obtain general agreement amongst panel members was quantified 

employing a modified Delphi technique and we have reported median with inter quartile range 

and also percentages for each category of the Likert scale. A 9 point Likert scale was used 
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except for the patient data tool where the scale was reduced to 5 points to reduce complexity 

for patient usability.  

Results  

Endometrial Cancer Patient Data (ECPD) Collection Tool (Appendix VI 

(1))  

An ECPD was devised to capture vital demographic variables that are directly relevant to EC 

research that can only be accurately recalled by the patient herself. Many  risk factors for EC 

such as  the age of presentation, the postmenopausal status, PCOS (Fearnley et al., 2010), 

nulliparity (Schonfeld et al., 2013), early age of menarche (Gong et al., 2015), family history 

of hereditary Lynch syndrome related cancers (Boilesen et al., 2008), past history of Lynch 

Syndrome related cancers, medical conditions such diabetes (Friberg et al., 2007), previous use 

of tamoxifen (Bergman et al., 2000), HRT (Beral et al., 2005) and exercise habits were included 

in the tool. Some other factors with inconclusive links to EC at present such as smoking 

(Lindemann et al., 2010) were also included in anticipation of their confirmation in appropriate 

future studies.  

 

  

 

Figure 1A 

Statistical analysis of the ECPD tool 

(5 point Likert scale: 1-strongly 

agree, 2-agree, 3 -undecided, 4-

disagree, 5-strongly disagree) 

This figure is reproduced as 

published by Adishesh et al, 

Harmonisation of biobanking 

standards in endometrial cancer 

research. Br J Cancer. 2017 Aug 

8;117(4):485-493.  
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Figure 1A and Table 1 illustrate the outcome of consensus and the final tool approved by the 

panellists. Score for each question in ECPD was obtained using the Likert scale which 

assesses the suitability and usability.  

Amongst the panel members, only 2% were undecided on the clarity of the questions in social 

history section and overall, 98% patients agreed that tool was easy to use (Figure 2).  

Endometrial Cancer Surgical Data (ECSD) Collection Tool (Appendix VI 

(2) and (3))  

The ECSD included relevant demographic, histological and pre/post-operative features.  

Demographic features such as BMI was for its universal use and reproducibility.  In a recent 

study (Painter et al., 2016), BMI was found to be a causal factor and was associated with EC 

compared with waist to hip ratio. All anthropometric assessments (BMI, waist to hip ratio, 

Table 1. Final results of consensus for Endometrial Cancer Patient Data (ECPD) Tool 

using 5 point likert scale (IQR – Interquartile range, 5 point likert scale: 1-Strongly 

agree, 2-Agree, 3-Undecided, 4-Disagree, 5-Strongly disagree, n =10).  This table is 

reproduced as published in supplementary tables in Adishesh et al, Harmonisation of 

biobanking standards in endometrial cancer research. Br J Cancer. 2017 Aug 8;117(4):485-

493 

 

Statements in the score 

sheet for patients 

 

Score 

Median 

(IQR) 

 

Percentages of responses (%) 

1
 

2
 

3
 

4
 

5
 

The information asked in 

personal history is easy to 

fill. 

1 

(1-2) 

60 40 0 0 0 

The questions in medical 

history section are easy to 

understand and fill. 

1 

(1-2) 

60 40 0 0 0 

The questions in past history 

are easy to understand and 

fill. 

1 

(1-2) 

60 40 0 0 0 

The questions in social 

history section are easy to 

understand and fill. 

1 

(1-2) 

60 30 10 0 0 

Overall, the form is easy to 

understand and does not take 

much time to fill it. 

1.5 

(1-2) 

50 50 0 0 0 
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waist and hip circumferences) are strongly associated with increased risk of EC (Friedenreich 

et al., 2007), accurate data on waist to hip ratio or waist circumferences is unlikely to be 

universally feasible using the same reference points as healthcare team. The preoperative 

imaging details help to assess the spread of cancer locally and  rule out distant metastases. It is 

important to document the biopsy results as discordance between endometrial biopsy and final 

histology results has been shown to be associated with poorer survival outcome (Werner et al., 

2013). Findings relevant to surgical staging also include operative findings, final 

histopathologic details, which is important when correlating with outcomes. It is important to 

note the immunohistochemical biomarkers and prognostic biomarkers that are correlated with 

clinical outcome (Li M, 2013). Standard information collected together with bio-samples will 

naturally boost the internal and external validity of the biosample quality and the accuracy of 

the data generated by using them. In addition, it is important to collect patient follow up data 

including the accurately documented cause of death, which should also be updated regularly 

until the completion of the standardised follow up period (either 3 years (minimum) or 5 years), 

in UK. The final form is arranged where information collection is separated in to 3 sections –  

1. Surgical data - completed at the time sample collection 

2. Histopathology details - completed after final staging results  

3. Outcome data -completed during follow up and final at the end of follow up 

The results of final consensus are as shown in table 2, wherein we have calculated the median 

with interquartile range. There was a high level of concurrence amongst the panellists for all 

sections, except that some considered sections on the history, antecedent biopsy details and 

sample collection details to be not relevant (Figure 1B). Overall, 96.25 % of panel members 

agreed on different aspects of the tool (Figure 2).   
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Endometrial Cancer Biospecimen (ECBS) tool (Appendix VI (4) ) 

Disparities in the collection methods and biobanking conditions (processing and storage) may 

modify the molecular composition, expression and stability of biomarker profile (Zander et al., 

2014), thus uniformity and strict practices according to standard operating procedures is vital 

(Moore et al., 2009). Therefore, biobank staff with applied experience and knowledge on 

clinical biobanking were involved in devising, amending, and attaining final consensus on the 

biospecimen tool. Only a few respondents felt that the tissue processing (both uterine and extra-

uterine) section of the form was difficult to understand, whilst all respondents agreed on the 

significance and transparency of all other sections. Overall, there was a 94% level of agreement 

on the different aspects of this tool.  The detailed results were as shown in table 3, Figure 1C 

and Figure 2.  

Standard operating procedure for collection, processing and storage of tissue 

and fluid for endometrial cancer research (SOP-ECBS) (Appendix VI (5) ) 

Different tissues such as endometrium, myometrium, extrauterine tissues and body fluid types 

are studied in EC research. The investigations of such bio-specimens may involve extraction 

of protein, RNA and DNA to be assessed using techniques such as proteomics, genomics and 

metabolomics. I devised the final SOP after amalgamating a number of separate, detailed 

methodological protocols (for example, for centrifugation, filtration, addition of preservatives, 

as well as storage temperatures). Availability of this information from a biobank will allow the 

scientists to precisely interpret their data; for example, to examine the metabolic profile of 

Figure 1B 

Statistical analysis of ECSD tool 

(9 point likert scale: 1-Strongly agree, 2-

Agree, 3-Moderately agree, 4-Mildly agree, 

5-Undecided, 6-Mildly disagree, 7-

Disagree, 8-Moderately disagree, 9-

Strongly disagree) 

This figure is reproduced as published by 

Adishesh et al, Harmonisation of 

biobanking standards in endometrial cancer 

research. Br J Cancer. 2017 Aug 

8;117(4):485-493. 
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samples such as blood, tissue, endometrial fluid or aspirate and detect disease specific changes 

with confidence especially when collaborating with other centres (Assfalg et al., 2008), 

(Bernini et al., 2009). Studies examining hormones in blood specimens are of major relevance 

to the endometrium and some have studied by utilising non-invasive specimens including 

saliva and urine (Shirtcliff et al., 2001). Non-invasive tests are patient friendly and of a 

particular interest in clinical research and future work is predicted to focus more on them.  

Table 2. Outcome of the final round of consensus for Endometrial Cancer Surgical Data 

(ECSD) Tool using 9 point likert scale (IQR – interquartile range, 9 point likert scale: 1-

Strongly agree, 2-Agree, 3-Moderately agree, 4-Mildly agree, 5-Undecided, 6-Mildly 

disagree, 7-Disagree , 8-Moderately disagree, 9-Strongly disagree, n =10 ).  This table is 

reproduced as published in supplementary tables in Adishesh et al, Harmonisation of biobanking 

standards in endometrial cancer research. Br J Cancer. 2017 Aug 8;117(4):485-493 

 

 

 

Questions in the score sheet 

for gynaeoncologists 

 

 

Score 

Median 

(IQR) 

 

Percentages of responses (%) 

1
 

2
 

3
 

4
 

5
 

6
 

7
 

8
 

9
 

Is the general information about 

patient relevant?  

2 

(1.75-2) 

20 80 0 0 0 0 0 0 0 

Is the section on history 

relevant?  

 

2 

(2-3) 

10 60 20 0 0 0 0 10 0 

Are the Imaging details relevant 

and sufficient?  

2 

(2-4) 

10 80 0 30 0 0 0 0 0 

Are Antecedent biopsy details 

relevant? 

2 

(2-2) 

10 80 0 0 0 0 0 0 10 

Is the Operative findings 

section relevant?  

2 

(1.75-2) 

20 80 0 0 0 0 0 0 0 

Is the Histopathology type 

details section relevant and 

sufficient?  

2 

(1.75-

2.25) 

20 60 10 10 0 0 0 0 0 

Is the Sample collection details 

section easy to complete?  

2 

(1-2) 

40 50 0 0 0 0 0 0 10 
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Are Outcome details relevant?  2 

(1.75-

2.25) 

20 60 10 10 0 0 0 0 0 

Table 3. Outcome of the final round of consensus for Endometrial Cancer Biospecimen 

(ECBS) Tool using 9 point likert scale (IQR – interquartile range, 9 point likert scale: 1-

Strongly agree, 2-Agree, 3-Moderately agree, 4-Mildly agree, 5-Undecided, 6-Mildly 

disagree, 7-Disagree, 8-Moderately disagree, 9-Strongly disagree n =10).  This table is 

reproduced as published in  supplementary tables in Adishesh et al, Harmonisation of 

biobanking standards in endometrial cancer research. Br J Cancer. 2017 Aug 8;117(4):485-493 

 

 

Questions in the score sheet 

for biobank staff 

 

 

Score 

Median 

(IQR) 

 

Percentages of responses (%) 

1
 

2
 

3
 

4
 

5
 

6
 

7
 

8
 

9
 

Sample ID – Is this relevant? 1 

(1-1) 

90 10 0 0 0 0 0 0 0 

Methods of tissue processing 

(Endometrium) – Is this section 

easy to understand? 

2 

(1 -3.25) 

40 30 10 10 0 0 0 10 0 

Methods of tissue processing 

(Extra uterine tissue) – Is this 

section easy to understand? 

2 

(1-3.25) 

40 30 10 10 0 0 0 10 0 

Figure 1C 

Statistical analysis of ECBS 

This figure is reproduced as published by 

Adishesh et al, Harmonisation of 

biobanking standards in endometrial cancer 

research. Br J Cancer. 2017 Aug 

8;117(4):485-493. 
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Methods of fluid 

processing                                                                        

(Endometrial/Peritoneal/ 

Blood/Saliva/Urine) - Is this 

section easy to understand? 

2.5 

(2-4) 

10 40 10 40 0 0 0 0 0 

Figure 1D 

Statistical analysis of SOP-ECBS  

This figure is reproduced as published by Adishesh 

et al, Harmonisation of biobanking standards in 

endometrial cancer research. Br J Cancer. 2017 

Aug 8;117(4):485-493. 

 

Figure 2 

Overall scores of agreements by different panels for different tools using modified delphi 

technique (GO- gynaeoncologists, PT- patients, BS- biobank staff, PATH- pathologists) 

This figure is reproduced as published by Adishesh et al, Harmonisation of biobanking 

standards in endometrial cancer research. Br J Cancer. 2017 Aug 8;117(4):485-493. 
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Table 4. Outcome of the final round of consensus for Standard operating procedure (SOP-

ECBS) Tool using 9 point likert scale (IQR – interquartile range, 9 point likert scale: 

Strongly agree, Agree, Moderately agree, Mildly agree, Undecided, Mildly disagree, 

Disagree, Strongly disagree n =10).  This table is reproduced as published in  supplementary 

tables in Adishesh et al, Harmonisation of biobanking standards in endometrial cancer research. 

Br J Cancer. 2017 Aug 8;117(4):485-493 

 

 

 

 

Questions in the score 

sheet for pathologists 
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Median 

(IQR) 

 

 

Percentages of responses (%) 
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Is section: Processing and 

storage materials, relevant 

and easy to understand? 

2  

(2 - 3.75) 

10 50 20 0 0 20 0 0 0 

Is section: Collection – 

Tissue, relevant and easy to 

understand? 

2.5 

(2 -5.5) 

10 40 10 10 10 0 20 0 0 

Is section: Collection – 

Blood, relevant and easy to 

understand? 

4.5 

(2 -7) 

10 30 0 10 10 10 30 0 0 

Is section: Collection – 

Urine, relevant and easy to 

understand? 

2 

(2-2) 

10 80 10 0 0 0 0 0 0 

Is section: Collection – 

Saliva, relevant and easy to 

understand? 

2 

(2-2.5) 

10 70 0 10 10 0 0 0 0 

Is section: Collection – 

Peritoneal fluid, relevant 

and easy to understand? 

2 

(2-2.75) 

0 80 0 0 20 0 0 0 0 

Is section: Collection – 

Endometrial fluid / uterine 

aspirates, relevant and easy 

to understand? 

2 

(2-2.75) 

0 80 0 0 20 0 0 0 0 

Is section: Sample 

processing – Tissue, 

relevant and easy to 

understand? 

2 

(2-3.25) 

0 70 10 10 10 0 0 0 0 

Is section: Sample 

processing – Blood, relevant 

and easy to understand?  

 

2 

(2-4) 

0 60 10 20 10 0 0 0 0 

Is section: Sample 

processing – Urine, relevant 

and easy to understand? 

 

2 

(2-3) 

0 70 20 0 0 10 0 0 0 

Is section: Sample 

processing – Saliva, relevant 

and easy to understand? 

 

2 

(2-4.25) 

0 60 10 10 10 10 0 0 0 

Is section: Sample 

processing – Peritoneal 

2 

(2-2) 

10 80 0 0 10 0 0 0 0 
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The outcome details of the final round of consensus regarding the SOP-ECBS are as presented 

in table 4 and Figure 1D.  There was general agreement on the user friendliness and relevance 

of the tool. Few panellists responded that tissue and blood collection details could be modified 

further for clarity. Overall, 83.75% of panellists agreed, 8.75% were undecided and 7.5% 

disagreed with different sections of this tool (Figure 2).  

Discussion  

We have modelled evidence-based standard data collection forms ECPD, ECSD (minimal), 

ECSD (Standard) and an SOP-ECBS with comprehensive contribution and agreement of all 

stakeholders in EC cancer biobanking. The final tools were accepted by a large multi-

disciplinary team and after reaching consensus (Figure 2), they are published in a well-known 

peer reviewed journal, where they are freely available to all EC researchers globally. These 

tools provide a means to reduce confounding factors in the collected data and aid larger 

multicentre collaborative studies.  

fluid, relevant and easy to 

understand? 
 
Is section: Sample 

processing – Endometrial 

fluid / uterine aspirates, 

relevant and easy to 

understand? 

2 

(2-2) 

10 80 0 0 10 0 0 0 0 

Is section: Storage and data 

recording, relevant and easy 

to understand? 

 

 

2 

(2-2.25) 

10 70 10 0 0 10 0 0 0 

Is section: Freezer check, 

relevant and easy to 

understand? 

 

2 

(2-4.25) 

0 60 10 10 10 10 0 0 0 

Is section: Checklist, 

relevant and easy to 

understand? 

 

2.5 

(2-4) 

0 50 10 30 10 0 0 0 0 
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Our choice of information to be collected by researchers was based on critical appraisal of the 

best available evidence. If no published evidence existed, consultation of the experts’ opinion 

and the SOPs of the larger biobanks were considered, one such example is centrifugation speed 

in processing blood.  

We have used a modified Delphi technique, with variations from the standard technique, where 

multiple rounds of feedbacks are obtained from the same panel to reassess or reconsider initial 

judgment, for participant anonymity, controlled feedback and statistical analysis to interpret 

data between the rounds. Previously, similar variations to original Delphi system, for example 

restricting the ability of the experts to respond to the original question, alterations in the expert 

groups, as well as changing the end point have been employed in studies (Thompson, 2009). 

Repeated use of a same panel was unjustifiable for our research aims for the following reasons. 

My endeavour was to generate separate forms for varied end points e.g., patient data collection, 

surgical data collection, tissue processing information and the standard operative procedures. 

These clearly required panel members of disparate backgrounds, with different fields of 

expertise.   

The main difference from the standard Delphi technique was the number of consultation rounds 

and the end point. Our first two rounds were descriptive in order to create opinions and ideas 

from different expert panel members. We included their feedback to generate the finalised 

forms and SOP.  During final round of the consensus, our panel members included stakeholders 

representing all previous panels to whom we distributed a score sheet to each of the panellists 

along with the forms to gauge their agreement with the final tools. The high percentage of 

agreement observed with the statistical analysis of data obtained from the third and final round, 

excluded the need for any further consensus rounds.  

Since more thorough, standardised surgical data collection will allow a complete assessment 

of the relationship between the surgical phenotypical data with the outcomes of treatments, we 

strongly recommend the use of the standard rather than the minimal ECSD tool. However, if 

the collection or quality of the data or specimens cannot be assured, the minimal set should be 

employed. We plan to update these tools in the future through information obtained by 

feedback and review of future literature. Future deliberations in the context of our initiatives 

include generating an internationally funded web based central database system allowing 

voluntary deposition of the information on all biospecimens collected by EC researchers 

worldwide, which will be easily accessible to all. This approach will diminish costs and time 
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consumed for the individual research groups whilst expanding the credibility of the data 

produced and will offer an apparent, collective platform for newer collaborations.  
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Chapter 8: Discussion 
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EC is the sixth most common cancer in women worldwide and the most common amongst all 

gynaecological cancers. Globally, there were 382,069 new cases and 89,929 estimated deaths 

reported in 2018 due to EC (Bray et al., 2018). According to US statistics, unlike any other 

malignancy, the mortality rate due to EC is also increasing (ACS). Similarly, EC incidence in 

the UK has also increased by 50% since the nineties and the reasons for this is thought to be 

the increase in obesity, longevity and the use of adjuvant tamoxifen for breast cancer (Evans et 

al., 2011). Over the next five years, the incidence and the death rate are expected to rise 

approximately by 20% and 17% respectively (Bray et al., 2018).  

Understanding the pathogenesis and molecular genesis of EC, will help to influence the rising 

rates of EC and EC related deaths. For example, mortality rate can be reduced with the 

availability of good prognostic markers predicting which cancers would recur, and thus 

treatments can be directed towards those patients. Finding early diagnostic tests and developing 

an understanding about the pathogenesis of EC were amongst the top research priorities 

identified in the James Lind Alliance Priority Setting Partnership exercises (Badrick et al., 

2019), (Wan et al., 2016). Prevention as well as better personalised treatments for EC are the 

desires of patients and all stakeholders providing care for women with EC. Translational 

research underpins these requirements and  it invariably requires the use of patient derived 

biospecimens. 

Considering the above requirements, this PhD project focussed on the following three unmet 

needs in EC research (Figure 1):  

(1) to assess the effects of preanalytical variables on the downstream analysis results of patient 

derived endometrial biopsies,  

(2) to harmonise the process of biobanking of biosamples relevant to EC research, and  

(3) to uncover new specific molecular targets, which could assist in better understanding of 

pathogenesis, and consequently to facilitate formulation of future therapy.  
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Figure 1 shows diagramatic representation of three main goals of this thesis in improving EC 

research (I thank Christopher Hill, University of Liverpool for helping me to create the 

diagram) 

 

Although it is expected that preanalytical variables may affect the data generated from 

endometrial biospecimens, this important aspect has not been previously explored in EC 

research. The reliability of molecular data derived from the patient-derived biospecimens is 

dependent on the quality of biospecimens. When quality of biospecimens is altered with 

multiple pre-analytic variables during the sample procurement, they can in turn affect the data 

generated and thus, ultimately patient’s management in personalised data driven treatment 

pathways (Compton et al., 2019). Traditional molecular tests for EC were conducted mainly 

on formalin fixed paraffin embedded tissue specimens and on blood/plasma specimens, With 

the emergence of newer technologies such as ‘omics’, and next generation RNA sequencing, 

there is a demand for newer biomarkers using different biosamples and new high throughput 

analytic methods. Endometrial biopsies that are suitably collected and preserved are one of the 
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most important biosamples to be used in these molecular analytes, and due to their close 

proximity to cancer (directly sampling cancer) when compared with other biosamples such as 

blood or urine, stakes for generating accurate results from them are expected to be higher. The 

focus is on accuracy of molecular tests, which impact patient management is justified since 

false positive or negative results may have significant consequences for the patient. 

Considering this, the first objective that was realised in this thesis was to examine how several 

selected preanalytical variables such as timing of the biopsy (pre-/post- hysterectomy) or the 

method employed to collect the biopsy, may affect the data generated from biospecimens in a 

typical study using EC biopsies. 

Pre analytical variables affected data generated from human endometrial 

biosamples 

In paired endometrial biospecimens from the same woman, taken before and after hysterectomy 

using different collection methods (pipelle or full thickness biopsy), we assess if those pre 

analytical variables significantly affected subsequent molecular data generated from them. 

Both benign endometrium and EC samples were included in this study to examine if there were 

pathology specific differences were also present. Post hysterectomy specimens are exposed to 

warm ischaemia due to devascularisation of the uterus thus we chose to examine three 

downstream genes relevant to hypoxia, which maybe likely to be affected. Following 

hysterectomy, endometrial specimens were obtained using a pipelle sampler in cancer patients 

and using both pipelle and full thickness wedge biopsies from women without EC. The timing 

of endometrial biopsy collection significantly altered the expression of some hypoxia related 

genes. The RNA expression levels of VEGFA, PR were significantly increased in post 

hysterectomy samples but no significant change was observed in CA9 expression between 

pre/post hysterectomy samples. Variability in method of collection of endometrial biopsy also 

significantly altered the expression of some genes in benign samples. VEGFA and PR RNA 

expression levels were higher in full thickness samples compared with the pipelle samples. No 

change was seen in CA9 gene expression levels between samples collected using the two 

different methods. In cancer samples, only timing of the biopsy was assessed and no significant 

differences were detected between pre and post hysterectomy biopsies with regards to the levels 

of three genes tested. Since cancers are proposed to have a more hypoxic environment, we 

believe that was the reason for the observed molecular data in cancers. The cancers already 

have high levels of hypoxic genes expressed, thus warm hypoxia may not incur an additional 
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hypoxic burden on these samples. My results clearly highlight the important fact that all 

samples used in a study should be treated in a uniform manner to reduce the possible influence 

from pre-analytic variables on the molecular data generated from them. Research study design, 

sample collection should be evaluated objectively prior to the specific molecular analytic 

method is employed in a study, prior to commencement of sample collection in order to 

generate credible data. The endometrial biosamples collected blindly using a sampler may 

contain tissue which is from the adjacent normal endometrium, hyperplasia or frank cancer. 

Furthermore, the samples may also be full of blood clots or mucus. The potential cross 

contamination of the sample with these different material is an important bias when used 

without assessment in studies using methods such as qPCR. When the whole biopsy is 

considered as a whole, for example when a full thickness endometrial sample is used to extract 

RNA and qPCR/western blotting methods are used to generate data, this would not take into 

account the contribution from myometrial cells. Techniques such as single cell isolation, Laser 

capture and dissection, may be better at obtaining specific cell types relevant to a particular 

pathology from a whole biopsy to reduce such contamination bias. Chapter 3 of this thesis 

provide robust data, demonstrating that the effect on the levels of gene expression by the 

preanalytical variables examined is not uniform,  but only some genes are affected, therefore, 

generation of spurious data from a study can be prevented by standardised sample collection.   

Understanding carcinogenesis in the endometrium to discovery of new 

therapeutic targets 

The main interests of this thesis is to find clinically useful diagnostic or prognostic tests in EC. 

This is also an important area for all EC researchers in general. One of the top ten research 

questions identified in JLA PSP in EC research, has acknowledged that there is a need for 

biomarkers which can predict survival and recurrence of the disease (Wan et al., 2016). The 

available histological diagnosis is dependent on symptoms such as post-menopausal bleeding 

(Clarke et al., 2018) and it would trigger the use multi modal investigations to diagnose the 

presence or absence of EC accurately (Dueholm et al., 2019).  Even though there are many 

advances in EC classification with the genomic testing and through the analysis of TCGA 

dataset, risk prediction models may be further improved by including reliable biomarkers 

(Fortner et al., 2017). Recently, there has been a focus on developing risk stratification models 

specific to EC. For example, Markov modelling of serum screening used a biomarker panel, 

which has been shown to be cost effective in obese women of 45-80 years of age (Havrilesky 
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et al., 2009). Also, another pan cancer panel has been described, but its role in EC screening is 

yet to be clarified (Cohen et al., 2018). Therefore, the final unmet need in EC research I have 

focussed on in this thesis, is discovering biomarkers which can predict the development of EC 

which may be a therapeutic target.  

Cellular proliferation and self-renewal are hallmarks of cancer, and these processers are 

regulated by telomerase enzyme activation (Hanahan and Weinberg, 2011). Various genetic 

and epigenetic mechanisms may be associated with telomerase reactivation in EC, and more 

importantly, these associations may have diagnostic and prognostic relevance (Leao et al., 

2018). It is already known that human endometrium is a somatic organ with dynamic 

telomerase activity during the menstrual cycle, and telomerase plays an important role in 

endometrial regeneration. Telomerase drives epithelial cell proliferation in human 

endometrium, and aberrant cellular proliferation is cardinal feature of carcinogenesis. Benign 

proliferative metastatic condition, endometriosis also have high TA. Most of the components 

of telomerase have been examined in the endometrium and in endometrial pathologies such as 

endometriosis and EC. Telomerase activity is very low in post-menopausal endometrium 

(Tanaka et al., 1998), but is high in ECs (Kyo et al., 1999a), (Saito et al., 1997), (Maida et al., 

2002). Therefore, factors which lead to dysregulation of telomerase enzyme in postmenopausal 

endometrium is likely to initiate EC. Endometrium is the primary target organ for ovarian 

hormonal action, and EC is a hormone responsive cancer, therefore the telomerase biology of 

post-menopausal endometrium that is under complex hormonal interactions may also have a 

role in endometrial carcinogenesis. Telomeres shortened to a critical length, will lead the cells 

into either apoptosis or senescence pathways. Senescence is irreversible growth arrest of cells 

with particular morphological alterations (Kuilman et al., 2010). Cells deficient of telomerase 

can overcome senescence by expressing certain viral oncoproteins, then continue proliferation 

but they will then accumulate chromosomal instability. High telomerase activity has a role in 

ascertaining genome stability by preventing telomere attrition. Telomerase interacts with 

different cellular pathways such as ATM/ATR pathway, WnT pathway for telomere 

maintenance (Diala et al., 2013), (Tong et al., 2015). Alterations in the intricate relationship 

between telomeres and telomerase enzyme can lead to cellular functional disruption and trigger 

the carcinogenesis process. ECs are associated with high telomerase activity, which maintains 

the short telomeres. Further knowledge of the changes in the telomerase components and 

telomere transcripts may improve our understanding of the pathophysiological processes 

leading to EC.  
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hTERC expression levels in EC 

Telomerase enzyme has two essential components, hTERC, telomeric RNA and reverse 

transcriptase enzyme hTERT. Although there are many studies that have explored the role of 

hTERT, in the human endometrium and EC, only a few studies have explored hTERC in human 

endometrium and in ECs. Kyo et al have studied the hTERT and hTERC expression in human 

endometrium, both in healthy and EC samples. In their study, hTERC was expressed in all 

normal endometrium and there was no correlation between hTERC and telomerase activity 

(Kyo et al., 1999b). In agreement with their study, in our cohort, hTERC was constitutively 

expressed throughout the menstrual cycle. hTERC levels, however, were altered in both 

proliferative endometrial disorders we examined,  endometriosis and ECs.  Interestingly, 

endometrial hTERC levels did not correlate with TA. This discordance of hTERC levels with 

the TA may also be due to the limited sample set included in this study. Another reason for the 

non-correlation may be due to heterogeneity of tumour cells in the specimens used for hTERC 

levels and TA despite them being derived from the same sample. Alternatively, as suggested 

in Kyo et al, it may be due to critical balance of expression of each subunit of telomerase, 

hTERC and hTERT levels to express the enzymatic activity of telomerase. Among EC 

subtypes, we observed that hTERC levels to be significantly raised in grade 3 ECs, compared 

to other types of cancer. TA levels are high in all ECs, both hTERC and hTERT are essential 

for telomerase activity. Therefore,  at least in grade 3 ECs, interference with expression of 

hTERC may be used as a therapeutic target. Although there was no correlation between TA 

and hTERC levels, in vitro studies have demonstrated that inhibition of TA was possible by 

phosphorothioate antisense oligonucleotides - nuclear localisation signal peptide (sASO-NLS) 

conjugates targeting hTERC (Diala et al., 2020). Future studies could explore whether targeting 

hTERC in grade 3 ECs would inhibit TA sufficiently to alter EC cell proliferation, thereby 

assessing the therapeutic potential for that approach in this aggressive cancer subtype EC. 

Furthermore, the future studies may also explore the diagnostic and functional importance of 

the significantly reduced hTERC levels in endometriosis. Since endometriosis is a condition 

that is associated with severely delayed diagnosis,  and diagnosis often requires invasive 

surgery (diagnostic laparoscopy), assessment of hTERC levels in an easily obtainable 

outpatient endometrial pipelle biopsy is an attractive option.  

TERRA in endometrial carcinogenesis  
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Telomeres are ends of chromosomes, which protect the chromosomes from shortening at every 

cell division. Telomeres were thought to be transcriptionally silent. But a new class of long 

non-coding RNAs, called TERRA are transcribed from telomeres and TERRAs have also been 

found to participate in telomere maintenance and they were shown to have a role in genome 

stability. Several PCR based studies have shown that TERRAs are expressed from multiple 

chromosomal ends in humans (Feretzaki and Lingner, 2017), (Diman and Decottignies, 2018). 

In my study, TERRAs from eight different chromosomes Ch 1q-2q-4q-10q-22q, Ch 16p and 

Ch 20q were studied in healthy endometrium, endometrium from benign proliferative 

condition, endometriosis and in EC samples.  In this context, I found that TERRAs were 

dynamically expressed throughout menstrual cycle. TERRA levels were significantly low in 

ECs compared with healthy postmenopausal endometrial samples and the levels correlated 

negatively with the proliferation marker Ki67. These findings may suggest TERRAs to be 

associated with endometrial carcinogenesis. Kamal et al., have demonstrated in their study that 

AR expression in EC negatively correlated with Ki 67. This study also demonstrated loss of 

AR correlated with unfavourable clinicopathological factors which predicted poor clinical 

outcome (Kamal et al., 2016b). Previous other studies have demonstrated strong association of 

Ki67 score with known pathological variables and high Ki67 score to be associated with poor 

cancer outcomes (Kitson et al., 2017). However, no correlation was found between TERRA and 

telomerase activity, but this may be due to the small sample size included in this study. In ECs, 

we found high telomerase activity, shorter telomere lengths and low TERRA levels. This may 

suggest that TERRAs may have an inhibitory role on telomerase enzyme. As this was a proof 

of principle study, I conclude that sufficiently powered future study may help us to explore the 

true relationship between telomerase and TERRA.  

In some other cancer studies, TERRA levels have been associated with prognostic significance. 

For example, when HNSCC tumours were divided into two groups, dependent on TERRA 

levels, patients with high TERRA tumours survived longer compared with patients with low 

TERRA level tumours (Vitelli et al., 2018). In colorectal cancer, TERRA is speculated to be an 

independent prognostic factor for long term outcomes. In this preliminary study, however such 

correlation was not possible due to the small sample size.  

TERRA levels may be relevant to the pathway cancers use for telomere maintenance, either an 

active telomerase pathway or ALT pathway. Depending on the pathway which is active in a 

particular cancer, TERRA may act as a tumour suppressor or oncogenic stimulus respectively 

(Gala and Khattar, 2021). In that context, TERRA can be considered as a therapeutic target and 
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its levels can be modified depending on the telomerase maintenance pathway active in 

carcinogenesis process. In telomerase positive cells, treatment with medications such as 5-

azacytidine may increase the accumulation of TERRA, thereby reduction in telomerase activity 

and decreased proliferation of cells. The results generated by the preliminary study included in 

Chapter 6 of this thesis describe the expression of TERRAs at 8 different chromosomes in the 

human endometrium, thus paves the way for future studies to test the possible roles for TERRAs 

in endometrial carcinogenesis. 

Hormonal regulation of hTERC and TERRAs in the endometrium; 

implication for endometrial carcinogenesis 

EC is a hormone responsive cancer. Hormone regulation of any potential biomarker or a 

therapeutic target is important to understand its role in the pathogenesis of EC. In this context, 

the final results chapter in this thesis describe the experimental work, which examined the 

hormone regulation of hTERC and TERRA. The data generated expands our understanding of 

the effect of hormonal drive on the biomarkers as well as the effect of hormonal anti-cancer 

treatment on these markers. Unopposed oestrogen due to factors such as obesity, diabetes, 

polycystic ovarian syndrome, nulliparity, hormone replacement and tamoxifen therapy can lead 

to increased mitotic activity in endometrial cells (Pua and Chuang, 2016). From previous 

studies, there is in vitro and in vivo evidence that oestrogens, appear to induce expression TA 

in the endometrium (Kyo et al., 1999b). In other cell types, progesterone and androgens also 

have shown to regulate telomerase (Tomlinson et al., 2006), (Calado et al., 2009), (Valentijn et 

al., 2015). Previous studies have also demonstrated that oestrogen regulates hTERT expression 

level and telomerase activity via MAPK pathway and progesterone suppresses the oestrogen 

induced hTERT mRNA expression in PR positive EC cells lines (Bae-Jump et al., 2006), (Zhou 

et al., 2013). However, there are no studies in hTERC or TERRA and its regulation by hormones. 

The study presented in Chapter 7 of this thesis has demonstrated that progesterone significantly 

alters levels of hTERC and TERRA 16p at 72 hours after in vitro exposure to hormones. In vivo 

effect of hormones on hTERC and TERRA levels were examined in endometrial samples 

collected from women on two most commonly used hormonal treatments in gynaecological 

conditions. A significantly high level of TERRAs were detected in endometrium of GnRH 

treated women which mimics the postmenopausal endometrial phase. It is of note that in the 

endometrium, hormonal regulation is complex, for example, the epithelial anti-proliferative 

effect of progesterone is exerted via the endometrial stromal cells. In the studies described in 
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Chapter 7, an epithelial monolayer culture system was employed. Therefore, this may have 

limited ability to explore the true hormonal regulation of TERRAs and hTERC in the EC cells. 

Collectively however, the data presented in Chapter 7 does suggest that both hTERC and 

TERRA are regulated by ovarian hormones. However, further studies are required with more 

biological replicates of the in vitro experiments and possibly utilising a epithelial and stromal 

cell co-culture system in a more physiologically relevant 3D model to confirm the true extent 

of such hormone regulation in future.  

Harmonisation of biobanking standards for EC research  

Considering data produced in Chapter 7 of this thesis, it was obvious that harmonisation of 

biosamples would be essential to ensure EC research studies produce robust translatable results. 

With the advances in technologies in translational research, using human biospecimens has 

become vital to discovering causation of cancer, determining the progression of cancer and 

resistance or response to treatment (Riegman et al., 2006). To benefit from the molecular and 

genetic cancer research data for personalised and precision medicine, collecting, storing, and 

analysing many human biospecimens is necessary. To participate in large scale studies, it is 

important for biobanks to store large amounts of high-quality biospecimens for example in  

TCGA project. The most important aspect of biobanking is to ensure the quality of 

biospecimens. For that biobanking practices have to be standardised, with sufficient quality 

control and regulations in place to ensure the highest operational standards.  Heterogeneity in 

collection, processing and storage of biospecimens can hamper the process and results 

generated from samples of questionable integrity will obviously impede development of 

diagnostic and therapeutic targets (Moore et al., 2009). NCI recognised non-uniformity and 

inconsistent standards used in biospecimens handling to be a roadblock to cancer research 

(Morente et al., 2007), (Vaught and Lockhart, 2012); Pan European biobank network, BBMRI, 

had been established in Europe to help build a suitable integrate infrastructures (Yuille et al., 

2008) and harmonisation of the biospecimen collection. When discrepancies exist between 

biobanks merging data across different sites or studies, many challenges present themselves. 

In the context of this background,  the study presented in Chapter 7 of this thesis describes the 

approach we took to harmonise biobanking of biosamples used in EC research. This required 

participation of  all stakeholders, including patients, surgeons, pathologists, researchers and 

biobank staff. Involvement of patients is increasingly recognised to procure accurate and 

reliable personal, past medical surgical data for research (Chalmers et al., 2014). Developing 

patient questionnaires that are acceptable, user friendly, and clear is also essential to this 
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process. Healthcare professionals are instrumental in transferring the data from research labs 

into clinical practice, they can convey the relevance of the research to patients and recruit 

patients to trials. For these reasons, members of the clinical team providing EC care are well 

placed to accurately extract all relevant information regarding the investigations, surgical 

findings, staging and follow up data (Kahn et al., 2011), (NCRI, 2012). Pathologists are key 

members of the biobanking process, who are quality controllers, and they can contribute 

towards robust SOPs for biospecimen collection, processing and storage (NCRI, 2012). Last 

but not least, researchers and biobank personnel work in processing, storing and data 

management. They are well versed with details of processing samples, noting any deviations 

from the standard protocol thus can input valuable information essential for assignment of 

specimen quality (Capocasa et al., 2016).  

Universal biobanking standards are not applicable to each disease or cancer type, hence should 

be adapted to each cancer type of interest. The importance of cancer specific harmonisation is 

highlighted by the TCGA which contains over 532 uterine cancer samples with RNA 

sequencing, copy number alteration and mutation data (Kandoth et al., 2013). The limited 

clinical data accompanying these samples has affected the ability of this dataset to draw 

clinically applicable conclusions. HASTEN study described in Chapter 4 of this thesis, 

therefore, focusses on another fundamental, yet unmet need in EC research, to standardise EC 

specific collection of biospecimens with relevant clinical data. This effort has facilitated 

researchers to conduct large scale, international collaborative EC research studies leading to 

improve biomarker and target treatment discoveries. After initial literature search, appraising 

available evidence, four tools that can be used in biosample procurement were devised. Local, 

regional and European consensus was obtained using a comprehensive consultation process 

and final consensus was obtained by following a modified Delphi system, which included panel 

members representing all stakeholders in EC research. The final tools are now available freely 

for all EC researchers via open access publication and they include: 

(1) ECPD,  

(2) ECSD,  

(3) ECBS and  

(4) standard operating procedure for collection, processing and storage of tissue or fluid for EC 

research.  
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I anticipate that harmonisation of biobanking standards is the first step towards high quality 

standardised large scale global collaborative projects, which will benefit EC research and 

translatability of research data into patient management in the future. Although my study had 

been published in 2017, making these tools available freely to the researchers worldwide, only 

8 citations of the original paper and 12 citations of the review paper has been documented to 

date. Both papers exceeded the citation index of the published journals, yet, we expected the 

citations to be more, reflecting the adaptation of these tools. The difficulty in fully adapting the 

minimal standards we have suggested may be a reason for this observation of less than expected 

citation numbers. Our suggested minimal requirements may remove the possibility of using 

already archived samples from biobanks that are available to researchers in their studies. Most 

larger studies containing big sample sizes traditionally use many biobanks with already 

biobanked samples that are collected over several years. Most of these samples would not have 

been collected according to the minimal standards described by our work. This is particularly 

true when follow up data, which is important for oncological outcomes are considered. 

Therefore, although our work may have been appreciated and as we understand many are trying 

to use them for prospective studies, researchers may not be able to fully adapt these tools for 

practical reasons. Therefore, it will take a considerably long time for our tools to be adapted 

and citation numbers to reflect that adaptation. Appreciation by funding bodies and publishers 

of this cardinal need for accurate biosample procurement to generate clinically transferable 

data and provision of resources will be needed to adapt our tools fully. Furthermore, mere 

citation numbers are unlikely to fully expose the issues around such adaptation. 

Future directives  

The results generated during this PhD studentship and the studies presented in this thesis 

provide several future avenues of research to improve our current understanding of EC.  

Future studies examining gene expression of EC samples should consider preanalytical 

variables that can produce spurious results. The pre-analytic variables to consider should 

include  methods of processing, timing of processing, duration of storage of biosamples as well. 

Importantly, there are some genes that are resistant to these variables while other change. 

Therefore, unless strict standardised methods are implemented in sample handling, testing one 

gene or a few for their change in the context of the presumed variable sample handling will not 

give information relevant to all genes.  
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Considering the novel data generated in this PhD studentship on endometrial hTERC and 

TERRAs, much work is left to be done. Since this work has demonstrated TERRAs to be 

expressed in the human endometrium and for them to be differentially expressed in ECs, further 

research is warranted to further our understanding of this long non-coding RNA’s in EC. This 

observational study warrants further functional studies to explore their possible functional role 

in cell fate regulation and their involvement in important telomerase biology. The effect of 

chemotherapeutic agents on hTERC and TERRA levels, and manipulation of the hTERC and 

TERRA expression levels and assessing their functional relevance on cell proliferation and 

tumourigenesis in laboratory and in subsequent pre-clinical animal models, may test the 

hypothesis I have generated in here; that TERRAs and hTERC have a role in endometrial 

carcinogenesis. Studying hTERC and TERRA levels in relation to the new molecular 

classification of EC is also important. These transcripts should be assessed in pre-cancerous 

endometrial hyperplasia with atypia, since studies in cervical cancer have shown that extra 

copies of hTERC were found in higher grade/high risk lesions  developing into cervical cancer 

(Jiang et al., 2010). Furthermore, exploring TERRA levels in blood of EC patients may allow 

examining the existence of any correlation between blood levels and tumour levels of TERRA, 

which may facilitate testing of its diagnostic potential.  

The tools generated as described in Chapter 7 to harmonise biobanking of patient derived 

biosamples in EC will be used by all endometrial researchers in the future. The quality and 

utility of the biosamples banked before and after their utility can be assessed in future studies. 

Similar pathway can also be adapted for biobanking other gynaecological cancer biosamples. 

Conclusion 

This PhD studentship, has demonstrated the effects of several preanalytical variables on a 

selected downstream gene targets in endometrial tissue samples. In order to prevent such 

undesirable effects on bio-samples banked in EC research, standardisation tools were 

developed to facilitate harmonisation of biosample collection that is made freely available to 

EC researchers worldwide. This is expected to improve EC research and support identification 

of potential robust biomarkers. Finally, the expression of TERRAs and hTERC had been 

examined in human endometrial tissue, to determine their potential role in endometrial 

carcinogenesis and potential future directions of study into these transcripts have been 

identified. The work presented in this thesis therefore has contributed to expand the current 
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understanding of endometrial carcinogenesis, provided information and means to direct and 

improve future EC research.  
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Harmonisation of biobAnking STandards in Endometrial caNcer research (HASTEN), 

ESGO, Vienna, Nov 2017. 

 

Harmonisation of biobAnking STandards in Endometrial caNcer research (HASTEN), 

Annual academic meeting, RCOG, Mar 2017. 
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Harmonisation of biobAnking STandards in Endometrial caNcer research (HASTEN), North 

of England meeting, Nov 2016. 

 

(v) Publications   

Research and Review Articles 

 

• Maclean A, Adishesh M, Button L, Richards L, Alnafakh R, Newton E, Drury J, Hapangama 

DK. The effect of pre-analytical variables on downstream application and data analysis of human 

endometrial biopsies. Hum Reprod Open. 2022 Jun 13;2022(3):hoac026. doi: 

10.1093/hropen/hoac026. PMID: 35775066; PMCID: PMC9240853. 

 

• Alnafakh R, Choi F, Bradfield A, Adishesh M, Saretzki G, Hapangama DK. Endometriosis Is 

Associated with a Significant Increase in hTERC and Altered Telomere/Telomerase Associated 

Genes in the Eutopic Endometrium, an Ex-Vivo and In Silico Study. Biomedicines. 2020 Dec 

9;8(12):588. doi: 10.3390/biomedicines8120588. PMID: 33317189; PMCID: PMC7764055. 

 

• Adishesh M, Alnafakh R, Baird DM, Jones RE, Simon S, Button L, Kamal AM, Kirwan J, 

DeCruze SB, Drury J, Saretzki G, Hapangama DK. Human Endometrial Carcinogenesis Is 

Associated with Significant Reduction in Long Non-Coding RNA, TERRA. Int J Mol Sci. 2020 

Nov 18;21(22):8686. doi: 10.3390/ijms21228686. PMID: 33217925; PMCID: PMC7698627 

 

• Maclean A, Kamal A, Adishesh M, Alnafakh R, Tempest N, Hapangama DK. Human Uterine 

Biopsy: Research Value and Common Pitfalls. Int J Reprod Med. 2020;2020:9275360. Published 

2020 Apr 28. doi:10.1155/2020/9275360 

 

• Alnafakh RAA, Adishesh M, Button L, Saretzki G, Hapangama DK. Telomerase and Telomeres 

in Endometrial Cancer. Front Oncol. 2019;9:344. Published 2019 May 17. 

doi:10.3389/fonc.2019.00344 

 

 

• Adishesh, M.; Hapangama, D.K. Enriching Personalized Endometrial Cancer Research with the 

Harmonization of Biobanking Standards. Cancers 2019, 11, 1734. 

 

• Adishesh M, Fyson A, DeCruze SB, Kirwan J, ENITEC Consortium, Werner HMJ, Hapangama 

DK.  Harmonisation of biobanking standards in endometrial cancer research. Br J Cancer. 29 June 

2017. doi: 10.1038/bjc.2017.194 

 

• Kamal A, Tempest N, Parkes C, Alnafakh R, Makrydima S, Adishesh M and Hapangama DK. 

Hormones and endometrial carcinogenesis. Horm Mol Biol Clin Invest 2016. DOI 10.1515/hmbci-

2016-0005, Received January 12, 2016; accepted February 5, 2016 
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Book Chapters 

Kamal A, Tempest N, Maclean A, Adishesh M, Bhullar J, Makrydima S and Dharani K. 

Hapangama (2020) ‘Hormonal interactions in endometrial cancer’ in Mirza, M. 

R. Management of Endometrial Cancer, 69-100 by Springer doi: 10.1007/978-3-319-64513-1 

Under review  

Kamal A, Tempest N, Makrydima S, Adishesh M, Bhullar J, McLean A, Hapangama DK. 

Hormone receptor expression in healthy endometrium and in endometrial cancer, chapter 

in Advances in Experimental Medicine and Biology (AEMB) series by Springer.  

 

 

 

 

(vi) EC Research Tools  

EC research tools as published in ‘Adishesh, M., Fyson, A., DeCruze, S. et al. Harmonisation 

of biobanking standards in endometrial cancer research. Br J Cancer 117, 485–493 (2017). 

https://doi.org/10.1038/bjc.2017.194’  

 

1. ECPD 

2. ECSD Minimal 

3. ECSD Standard 

4. ECBS 

5. SOP-ECBS 
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2. ECSD Minimal  
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3. ECSD Standard  
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4. ECBS 
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5. SOP – ECBS  
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(vii) Published first author papers  
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