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Abstract
Cancer of the corpus uteri is the leading gynaecological malignancy in Western countries. Early
onset of symptoms usually leads to an early diagnosis, ensuring a good prognosis. However,
roughly one-fifth of the patients succumb to the disease. Conventional prognostic factors, i.e. age,
surgical stage, and histopathological grade, can only identify some of these patients. Therefore,
the need for novel prognostic factors is evident.
Cyclins are a group of proteins directly influencing cell cycle progression and cell proliferation
by activating cyclin-dependent kinases (CDKs). The formation and activity of cyclin-CDK
complexes is controlled by factors such as p27. The expression of cyclins and p27 has prognostic
significance in a number of neoplasms, but their significance in cancer of the corpus uteri is not
fully understood.
The aim of this thesis was to compare cyclins A, B, and E, and p27 with conventional
prognostic factors and investigate the relationship between them and conventional
clinicopathological factors as well as cancer-specific survival in endometrial endometrioid
adenocarcinoma. The studies were all single-centre, retrospective, and based on the same patient
population. The population consisted of 211 women surgically treated at the Oulu University
Hospital between 1992 and 2000. The clinicopathological data were retrieved from the patients’
records. The expression of cyclin A, B, and E and nuclear and cytoplasmic p27 was evaluated by
analysing the percentage of positive tumour cells after immunohistochemical staining.
Cyclin A had a strong link with disease outcome by having independent prognostic
significance. Cyclins B and E also had prognostic significance, but only in univariate analysis.
When each of the cyclins had low expression, the prognosis was especially good, and this finding
had independent prognostic significance. Expression correlated with histopathological grade with
each of the cyclins analysed, and to a lesser degree with stage. Nuclear p27 staining correlated with
stage.
Our results indicate that single cyclins, especially cyclin A, could be used as prognostic
markers in endometrial endometrioid adenocarcinoma, but a combination of cyclins could be even
more useful.

Keywords: cancer of the corpus uteri, cyclin A, cyclin B, cyclin E, endometrial cancer,
endometrial endometrioid adenocarcinoma, immunohistochemistry, p27, prognosis

Santala, Simi, Sykliinien A, B ja E sekä p27 ennusteellinen merkitys kohdun
limakalvon endometrioidissa adenokarsinoomassa.
Oulun yliopiston tutkijakoulu; Oulun yliopisto, Lääketieteellinen tiedekunta; Oulun
yliopistollinen sairaala
Acta Univ. Oul. D 1589, 2020
Oulun yliopisto, PL 8000, 90014 Oulun yliopisto

Tiivistelmä
Kohdunrungon syöpä on yleisin gynekologinen syöpä länsimaissa. Varhaiset oireet johtavat
useimmiten varhaiseen diagnoosiin varmistaen hyvän ennusteen, mutta tästä huolimatta noin viidennes potilaista kuolee tautiin. Tavanomaiset ennusteelliset tekijät eli ikä, kirurgisesti määritetty taudin levinneisyys ja histopatologinen luokka pystyvät vain osin arvioimaan taudin ennustetta, ja tarve uusille ennusteellisille tekijöille on ilmeinen.
Sykliinit ovat ryhmä proteiineja, jotka ajattavat solusykliä ja solujen lisääntymistä eteenpäin
toimimalla aktivaattoreina sykliineistä riippuville kinaaseille (CDK). Sykliini-CDK-kompleksien muodostumista ja aktiivisuutta solussa kontrolloivat tietyt tekijät, kuten p27. Sykliini- ja p27pitoisuudet on liitetty usean syövän ennusteeseen. Niiden merkitys kohdunrungon syövässä tunnetaan kuitenkin puutteellisesti.
Tämä väitöskirjan tavoitteena oli verrata sykliini A:n, B:n ja E:n sekä p27 ennusteellista
arvoa tavanomaisiin ennusteellisiin tekijöihin ja selvittää niiden suhdetta tavanomaisiin kliinispatologisiin tekijöihin sekä tautispesifiseen ennusteeseen kohdun limakalvon endometrioidissa
adenokarsinoomassa. Osajulkaisut ovat yhden keskuksen retrospektiivisesti toteuttamia ja kaikki perustuvat samaan potilasaineistoon. Tutkimuspopulaatio koostui 211 Oulun yliopistollisessa
sairaalassa vuosina 1992–2000 leikatusta potilaasta. Sykliinien A, B ja E pitoisuus ja p27 tumaja solulimapitoisuus selvitettiin immunohistokemiallisen värjäytyvyyden avulla arvioimalla värjäytyneiden syöpäsolujen prosenttiosuus kaikista syöpäsoluista.
Sykliini A osoittautui tutkimuksemme perusteella itsenäiseksi ennusteelliseksi tekijäksi taudissa. Sykliinien B ja E kohdalla ennusteellista arvoa oli, mutta vain yksimuuttuja-analyysissä.
Erityisen hyvän ennusteen merkki oli kaikkien tutkittujen sykliinien matala pitoisuus. Tämä
osoittautui myös itsenäiseksi ennusteelliseksi tekijäksi. Analysoitujen sykliinien pitoisuudet korreloivat histopatologisen luokan ja vähemmissä määrin myös taudin levinneisyyden kanssa.
p27:n osalta tumavärjäytyneisyys korreloi taudin levinneisyyteen.
Tutkimussarjamme perusteella yksittäisiä sykliinejä, etenkin sykliini A:ta, voitaisiin käyttää
ennusteellisina tekijöinä kohdun limakalvon endometrioidissa adenokarsinoomassa. Toisaalta
yleisesti matala sykliinipitoisuus saattaa erittäin hyvin erottaa hyvä- ja huonoennusteiset potilaat.

Asiasanat: endometrioidi adenokarsinooma, ennuste, immunohistokemia, kohdun
limakalvon syöpä, kohdunrungon syöpä, p27, sykliini A, sykliini B, sykliini E
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Introduction

Cancer of the corpus uteri is the sixth most common malignancy in women in the
world and the most common gynaecological malignancy in Western countries. The
vast majority of these malignancies arise from the endometrium (Torre et al., 2015;
Torre, Islami, Siegel, Ward, & Jemal, 2017). In Finland, there were 920 reported
new cases in 2018. With adequate treatment, the overall five-year survival rate is
over 80% as postmenopausal vaginal bleeding usually leads to an early diagnosis
(Finnish Cancer Registry, 2020). Given the high prevalence of endometrial cancer,
a significant number of patients succumb to the disease. This underlines the
importance of understanding who these patients are. Conventional prognostic
factors, i.e. age, surgically defined stage, and histopathological grade, fail to fully
address the issue. Novel biomarkers have been studied in an effort to identify
patients who are at an increased risk of recurrence or death (Creasman, 2009;
Creasman et al., 2006; Gadducci, Cosio, & Genazzani, 2011). Among these
biomarkers are cyclins, proteins essential for cell cycle progression and thus cell
proliferation.
Cyclins act as activators for cyclin-dependent kinases (CDKs). Cyclin levels
oscillate throughout the cell cycle influencing it phase-specifically, whereas CDK
levels remain relatively constant (Koolman & Rohm, 2012). Cyclin-CDK
complexes drive the cell cycle forward by phosphorylating target proteins, such as
retinoblastoma protein (pRb), their own activity being controlled in part by
phosphorylation at specific sites and by ubiquitin-dependent proteolysis, as well as
specific inhibitory proteins, cyclin-dependent kinase inhibitors (CKIs) (Abukhdeir
& Park, 2008; Bassermann, Eichner, & Pagano, 2014; Fabregat et al., 2018;
Hoffmann et al., 2011; Jassal et al., 2019). Cyclins A, B, D, and E form the primary
cyclins directly involved in driving the cell cycle. Cyclins D and E are involved in
gap 1 (G1) and DNA synthesis (S) phases. Cyclin B is essential during the gap
2/mitosis (G2/M) transition, whereas cyclin A influences both G1/S and G2/M
transitions (Harashima, Dissmeyer, & Schnittger, 2013; Malumbres & Barbacid,
2009). CKIs are divided into CDK-interacting proteins/kinase inhibitor proteins
(Cips/Kips) and inhibitors of CDK4 (INK4s). p27, a Cip/Kip, has a dualistic role
by acting as an inhibitor of cyclin-CDK2 complexes, while interestingly also aiding
the formation of cyclin D-CDK4/CDK6 complexes (Abukhdeir & Park, 2008).
Cyclins, CDKs, and their inhibitors have been shown to hold prognostic
significance in a number of neoplasms, but their involvement in endometrial cancer
17

is poorly understood (Besson, Dowdy, & Roberts, 2008; Malumbres & Barbacid,
2009).
Surgery is the mainstay treatment of endometrial cancer. Depending on the
extent of the disease, adjuvant therapy is recommended (Colombo et al., 2015;
SGO Clinical Practice Endometrial Cancer Working Group, 2014a; SGO Clinical
Practice Endometrial Cancer Working Group, 2014b). Increasing understanding of
cyclin-CDK deregulation in malignant neoplasms has led to the development of
CDK inhibitors in hopes of curbing one of the hallmarks of malignant neoplasms,
uncontrolled proliferation (Gallorini, Cataldi, & di Giacomo, 2012; Peyressatre,
Prevel, Pellerano, & Morris, 2015; Wesierska-Gadek, Maurer, Zulehner, &
Komina, 2011). Future will show whether these have potential in treating
endometrial cancer in selected patients.
The aim of our study was to evaluate the prognostic significance of the
expression of cyclins A, B, and E as well as kinase inhibitor p27 in endometrial
endometrioid adenocarcinoma. We also analysed the correlation of these
biomarkers with conventional prognostic and clinicopathological factors, as well
as their correlation with each other.
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2

Review of Literature

2.1

Endometrial Cancer

2.1.1 Epidemiology
There are some 382,000 new cases of cancer of the corpus uteri worldwide
annually, making it the sixth most common malignancy in women in the world. An
estimated 89,900 women die from the disease every year (International Agency for
Research on Cancer, 2020). The incidence is generally higher in more developed
countries, with the highest incidence rates in North America and Eastern Europe
(Torre et al., 2017). In Finland, there were 920 reported new cases in 2018, yielding
an age-adjusted (world standard population) incidence rate of 13.71 per 100,000
women. During the same year, 211 deaths were accounted to cancer of the corpus
uteri. The risk of developing cancer of the corpus uteri increases significantly after
menopause (Figure 1) (Finnish Cancer Registry, 2020).

Fig. 1. The risk of developing cancer of the corpus uteri according to age in Finland
(2014–2018). Image modified from the Finnish Cancer Registry. (2020). Cancer
Statistics. https://cancerregistry.fi/statistics/cancer-statistics/.
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2.1.2 Aetiology
Unopposed Oestrogen
In the 1970s, a noticeable rise was noted in endometrial cancer incidence in the
United States of America. The rise was linked to oestrogen-based hormone
replacement therapy (HRT), which had been increasingly offered to women
suffering from menopausal symptoms (Corcoran & Howard, 1976; Smith, Prentice,
Thompson, & Herrmann, 1975; Ziel & Finkle, 1975). It has since then been well
established that a progestogen needs to be paired with oestrogen to counteract the
risk (Marjoribanks, Farquhar, Roberts, Lethaby, & Lee, 2017). Current knowledge
supports the idea that continuous combination HRT has a neutral effect on
endometrial cancer risk. Sequential HRT, on the other hand, does carry an increased
risk. The type of progestogen may also be relevant as micronised progesterone has
been suggested to carry an increased risk (Sjogren, Morch, & Lokkegaard, 2016).
Along with HRT based solely on oestrogen, many of the known risk factors of
endometrial cancer are explicable in terms of an unopposed oestrogen stimulus
(Ignatov & Ortmann, 2020).
Other iatrogenic factors affecting the risk for endometrial cancer include oral
contraceptive use, which reduces the risk, and tamoxifen, a drug widely used as an
adjuvant therapy for breast cancer (Dominick, Hickey, Chin, & Su, 2015; Ignatov
& Ortmann, 2020). Tamoxifen is a selective oestrogen-receptor modulator
characterised by its ability to behave as an oestrogen antagonist in breast tissue,
while at same time showing agonistic effects in endometrium and other tissues
(Dominick et al., 2015). Tamoxifen-based adjuvant therapy is estimated to carry a
two- to three-fold increase in risk of developing endometrial cancer, and even
higher in postmenopausal women (Freedman et al., 2011; Ignatov & Ortmann,
2020). Levonorgestrel-releasing intrauterine devices are expected to counter the
effect and reduce the risk of endometrial cancer in women using tamoxifen, but the
evidence to support this assumption is so far limited (Dominick et al., 2015; Torre
et al., 2017).
Obesity has a clear association with the risk of developing endometrial cancer
(Rota et al., 2016; Wise et al., 2016). In Europe, 40–45% of endometrial cancer
incidence is suggested to be linked to obesity (Wise et al., 2016). There likely exist
several biological mechanisms behind the increased risk, but the increase in
bioavailable oestrogen is thought to play a key role. Firstly, obesity affects the
circulating oestrogen levels by the intrinsic aromatase-mediated ability of adipose
20

tissue to convert androstenedione to oestrone (Akhmedkhanov, ZeleniuchJacquotte, & Toniolo, 2001; Nieman, Romero, Van Houten, & Lengyel, 2013).
Secondly, free and albumin-bound, and thus bioavailable, fractions of oestrogen
increase due to a decrease in sex hormone binding globulin (SHBG) production in
the liver (Akhmedkhanov et al., 2001). This reduction is partly linked to an increase
in insulin levels seen in obese patients; insulin inhibiting the synthesis of SHBG.
Chronic hyperinsulinaemia may also more directly stimulate tumour growth by
binding to the insulin receptors of cancer cells and by increasing the androgen
production of the ovaries (Gallagher & LeRoith, 2020; Kaaks, Lukanova, &
Kurzer, 2002). These biochemical changes partly explain the correlation between
diabetes mellitus and endometrial cancer. Along with diabetes, other factors related
to obesity and metabolic syndrome, such as hypertension and
hypercholesterolaemia, also correlate with endometrial cancer incidence, but
whether these represent independent risk factors or a simple association is not fully
understood (SGO Clinical Practice Endometrial Cancer Working Group, 2014a).
Reproductive factors known to increase the risk of endometrial cancer, such as
nulliparity, infertility, early onset of menarche, and late onset of menopause, can
also be explicatable in terms of unopposed oestrogen exposure. Conversely,
multiparity, late onset of menarche, and early onset of menopause reduce the risk
(Ali, 2014; Ignatov & Ortmann, 2020).
Polycystic ovary syndrome carries a three-fold increase in risk of developing
endometrial cancer (Ali, 2014). The increase is partly thought to be related to the
high prevalence of anovulatory cycles in these patients. The risk is especially high
in obese patients with the syndrome, in accordance with the ‘unopposed oestrogen
stimulus’ hypothesis (Piltonen, 2016).
Interestingly, smoking is among the factors related to a reduced risk of
endometrial cancer. In a meta-analysis by Zhou et al. (2008), the relative risk was
estimated at 0.81 for smokers. The mechanism by which smoking reduces the risk
of endometrial cancer is not understood, but anti-oestrogenic effects have been
proposed to partly explain the phenomenon (Zhou et al., 2008).
Genetic Predisposition
Some five per cent of uterine cancer patients are estimated to carry genetic
predisposition. The most notable of these genetic conditions is the Lynch
syndrome, or hereditary non-polyposis colorectal cancer syndrome (HNPCC)
(Randall & Pothuri, 2016). The syndrome has an autosomal dominant inheritance
21

pattern and is characterised by a defect in the cellular mismatch repair (MMR)
system caused by a germline mutation in mutL homologue 1 (MLH1); mutS
homologue 2 (MSH2); mutS homologue 6 (MSH6); PMS1 homologue 2, mismatch
repair system component (PMS2); or epithelial cell adhesion molecule (EPCAM)
genes. The prevalence of Lynch syndrome is higher in younger endometrial cancer
patients, and the disease often serves as a sentinel malignancy in carriers of the
mutations (Le Gallo & Bell, 2014; Ryan et al., 2019). The cumulative lifetime risk
of developing endometrial cancer for unselected women with Lynch syndrome is
between 30 and 45% (Barrow, Hill, & Evans, 2013). As with sporadic endometrial
cancer, Lynch syndrome-associated endometrial cancer is primarily of the
endometrioid type (Ryan et al., 2019).
Another cancer predisposition syndrome known to be associated with an
increased incidence of endometrial cancer is the Cowden syndrome. The Cowden
syndrome is caused by germline mutations in the tumour suppressor gene,
phosphatase and tensin homologue (PTEN). For women with Cowden syndrome,
the risk of developing endometrial cancer is thought to be somewhere between 19
and 28% by the age of 70 (Randall & Pothuri, 2016; Tan et al., 2012).
Breast cancer 1 and 2 (BRCA1 and BRCA2) mutations have also been
associated with an increased risk of developing endometrial cancer. However,
current understanding is that the phenomenon is largely iatrogenic and related to
the tamoxifen therapy many of these patients undergo for breast tumours (Beiner
et al., 2007; Dork, Hillemanns, Tempfer, Breu, & Fleisch, 2020; Segev et al., 2013).
2.1.3 Bokhman Classification: Type I and Type II
In 1983, Jan V. Bokhman proposed a binary classification system for endometrial
cancer based on epidemiological data gathered in the Soviet Union (Bokhman,
1983). In the Bokhman classification, type I tumours arise from endometrial
hyperplasia, are associated with metabolic disturbances, such as hyperlipidaemia,
obesity, and diabetes, and are thought to be more oestrogen-dependent. Type II
tumours, on the other hand, arise from an atrophied endometrium, are not
associated with metabolic disturbances, are of more advanced stage and grade upon
diagnosis, and carry a worse prognosis (Bokhman, 1983; Murali, Soslow, &
Weigelt, 2014; Suarez, Felix, & Cohn, 2017). Although the Bokhman classification
helped to categorise endometrial cancer for future research, it naturally also
oversimplified the issue. In the advent of more individualised cancer treatment, the
demand for more a detailed categorisation of the disease is obvious. The Bokhman
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classification does, however, correlate with histopathological type and, to a degree,
with genetic alterations in the disease (Tables 1 & 2). Type I tumours are
prototypically endometrioid, whereas type II tumours tend to be serous carcinomas
(Murali et al., 2014).
Table 1. Clinicopathological,

endocrinological,

morphological,

and

molecular

characteristics of Bokhman type I and type II tumours (modified from Murali et al., 2014).
Characteristics

Type I

Prevalence

60–70%

Type II
30–40%

Oestrogen associated

Yes

No

Onset of menopause

≥50 years of age

<50 years of age

Metabolic syndrome associated

Yes

No

Background endometrium

Hyperplastic

Atrophied

Tumour grade1

Low

High
Advanced

Stage at diagnosis2

Early

Five-year cancer-specific survival

86%

59%

Prototypical histopathologic type

Endometrioid

Serous

ER or PR expression

High

Low

1

Low: grade 1–2, high: grade 3; 2 Early: stage I–II, advanced: stage III–IV

Table 2. Common genetic alterations between Bokhman type I and type II tumours
(modified from Murali et al., 2014).
Alteration

Type I

Type II

PTEN

52–78%

1–11%

PIK3CA

36–52%

24–42%

PIK3RI

21–43%

0–12%

KRAS

15–43%

2–8%

ARID1A

25–48%

6–11%

CTNNB1

23–24%

0–3%

P53

9–12%

60–91%

PPP2R1A

5–7%

15–43%

HER2

0%

27–44%

Microsatellite instability

28–40%

0–2%

For abbreviations, please see ’Abbreviations’ in the beginning of the thesis

2.1.4 Histopathological Types and Future Classification Challenges
The World Health Organisation (WHO) defines endometrial cancer as ‘a primary
malignant epithelial tumour, usually with glandular differentiation, arising in the
endometrium that has the potential to invade into the myometrium and to spread to
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distant sites’. Some 84% of endometrial cancer samples are histopathologically
categorised as the endometrioid type (Creasman et al., 2006). Endometrial
endometrioid adenocarcinoma is characterised by the presence of glandular or
villoglandular structures lined by simple to pseudostratified columnar cells that
have their long axes arranged perpendicular to the basement membrane with at least
somewhat elongated nuclei that are polarised in the same direction. The spectrum
of differentiation ranges from well differentiated endometrioid adenocarcinoma,
which can be hard to distinguish from atypical complex hyperplasia, to poorly
differentiated type, which may be confused with other histological types (Kurman,
Carcangiu, Herrington, & Young, 2018).
Histopathological types according to the WHO classification (Kurman et al.,
2018):
1.

2.
3.
4.
5.
6.
7.

Endometrioid carcinoma: adenocarcinoma; adenocarcinoma variants (with
squamous differentiation; secretory variant; villoglandular variant; and ciliated
cell variant)
Mucinous adenocarcinoma
Serous adenocarcinoma
Clear cell adenocarcinoma
Undifferentiated carcinoma
Neuroendocrine tumours
Mixed carcinoma (carcinoma composed of more than one type, with at least
10% of each component)

Molecular Characterisation
In general, there exists a degree of ambiguity in the histological characterisation of
endometrial cancer (Clarke & Gilks, 2010; Murali, Delair, Bean, Abu-Rustum, &
Soslow, 2018). This has paved way for molecular characterisation being considered
as an alternative. A few years ago, the Cancer Genome Atlas Research Network
suggested a four-part division of endometrial cancer types based on comprehensive
genomic characteristics: DNA polymerase  catalytic subunit A gene (POLE)
ultramutated, microsatellite instability hypermutated, copy-number low, and copynumber high. Among the characteristics of the copy-number high group was
CCNE1 (cyclin E1) gene amplification, whereas the POLE ultramutated group
seemed to be associated with high cyclin B expression (Cancer Genome Atlas
Research Network, 2013).
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Progression free survival differed significantly between the groups. The POLE
ultramutated group had a five-year progression free survival of virtually 100%,
whereas the copy-number low group fared significantly worse, with a progression
free survival rate of under 55% (Cancer Genome Atlas Research Network, 2013).
The findings have since then been corroborated by others using surrogate
immunohistochemical markers that enable a similar molecular division (Talhouk et
al., 2015; Vermij, Smit, Nout, & Bosse, 2020). This has led to a proposed
recategorisation based on a few key molecular aberrations: POLE ultramutated
(POLEmut), mismatch repair-deficient (MMRd), p53 mutant (p53abn), and nonspecific molecular profile (NSMP). The proposed surrogate markers used to
identify endometrial cancer samples as MMRd are MSH6 and PMS2, whereas the
p53abn group is characterised by an abnormal p53 immunohistochemistry.
Importantly, a feasible surrogate marker for POLEmut is yet to be found.
Endometrial cancer samples lacking all the aforementioned molecular
characteristics are grouped as NSMP (Vermij et al., 2020).
Unfortunately, the cost of genomic analyses may hinder the implementation of
such a molecular categorisation in clinical practice until a feasible surrogate marker
is identified for the POLEmut group (Singh & Gilks, 2017; Vermij et al., 2020).
Secondly, current treatment guidelines do not incorporate molecular
characteristics, and it remains unclear how these characteristics should be
incorporated in the traditional risk-based approach (Colombo et al., 2015; Vermij
et al., 2020). Future studies, such as the ongoing PORTEC-4a trial, will hopefully
address some of these issues (Wortman et al., 2018). Refinement of the molecular
categorisation is also to be expected in the future (Vermij et al., 2020).
Mutations affecting the phosphoinositide 3-kinase/protein kinase
B/mammalian target of rapamycin (PI3K/AKT/mTOR) and wingless-type
integration site family/β-catenin (Wnt/β-catenin) signalling pathways are
frequently observed in endometrial endometrioid adenocarcinoma. The former
regulates cell growth and survival while the latter regulates gene transcription and
development. PTEN, a negative regulator of the PI3K/AKT/mTOR pathway, is lost
or mutated in 80% of endometrioid adenocarcinoma cases and is therefore
considered an early event in the tumourigenesis of the disease. Other components
of this signalling pathway are also frequently mutated in varying combinations in
endometrial endometrioid adenocarcinoma tumours. Nuclear accumulation of βcatenin, a surrogate marker of activated canonical Wnt/β-catenin signalling, is
another characteristic of endometrioid tumours in up to half of the cases. p53
mutations, on the other hand, are more characteristic of serous tumours but also
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exist in the endometrioid type, especially in high-grade tumours (Murali et al.,
2014).
There are several links between cyclin expression and the PI3K/AKT/mTOR
and Wnt/β-catenin pathways. The latter, for example, is linked to cyclin D
expression and probably also affects cyclin A and cyclin E expression, whereas the
former is linked to cyclin B and cyclin E expression (Chasse et al., 2016; Oka,
Ohya-Shimada, Mizuno, & Nakamura, 2013; Wang et al., 2009). Cyclin A and
cyclin B may also be upstream regulators of PI3K/AKT/mTOR and Wnt/β-catenin
pathways, respectively (Gu et al., 2015; Liu, Wang, & Wei, 2014).
2.1.5 Grading and Staging
Histopathological grading ranges from 1 to 3. Some authors have suggested a
binary classification to simplify grading as this would be clinically sufficient
(Clarke & Gilks, 2010). Clear cell and serous adenocarcinomas are usually
considered high grade by definition. In endometrioid adenocarcinoma, the degree
of non-squamous or non-morular solid growth pattern is used to help determine
grade (Amant, Mirza, Koskas, & Creutzberg, 2018).
In 2009, FIGO revised their 1988 staging recommendations to better suit
increased knowledge on the prognostic implications of different staging factors
(Table 3) (Amant et al., 2018; Creasman, 2009; Creasman et al., 2006).
Understandably, to achieve high accuracy with surgical staging, pelvic and paraaortic lymphadenectomy should be performed for all patients regardless of
histological grade or myometrial invasion. The benefit of such to the patient is,
however, questionable, and current recommendations do not support the practice
(Colombo et al., 2015).
2.1.6 Clinical Presentation and Diagnosis
Abnormal uterine bleeding or discharge is usually the most evident symptom of
endometrial cancer. Other symptoms, such as abdominal or pelvic pain, abdominal
distension, early satiety, or changes in bowel or bladder function, may also be
present in advanced cases.
Diagnosis is ultimately based on pathological findings with hysteroscopicallyguided dilation and curettage as the golden standard. Diagnosis can be achieved
more easily and relatively accurately with outpatient endometrial sampling devices,
especially in postmenopausal women. Sensitivity of these devices has been
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reported to be around 95% with a specificity of 99.5%. In premenopausal women,
the accuracy is less impressive, the most sensitive device, the Pipelle aspiration
catheter, carrying a sensitivity of 91% compared to a 99.6% sensitivity for
postmenopausal women (Dijkhuizen, Mol, Brolmann, & Heintz, 2000).
Ultrasonography is also a useful method to exclude endometrial cancer in
postmenopausal women presenting with uterine bleeding, with a cut-off value set
at 3 mm (double-layered endometrium) yielding a sensitivity of 98% and a
specificity of 54% (SGO Clinical Practice Endometrial Cancer Working Group,
2014a).
Routinely performed preoperative imaging to evaluate for metastases is not
necessary as surgical staging is considered sufficient (SGO Clinical Practice
Endometrial Cancer Working Group, 2014a). If imaging is, however, deemed
necessary, a combination of MRI, CT, PET/CT and/or PET/MRI can be used in
determining the extent of the disease (Rizzo et al., 2018).
Table 3. FIGO surgical staging guidelines (2009).
Stage

Description

I

Tumour confined to the corpus uteri
IA

Tumour confined to the corpus uteri with <1/2 myometrial invasion

IB

Tumour confined to the corpus uteri with ≥1/2 myometrial invasion

II

Tumour invades cervical stroma, but does not extend beyond the uterus

III

Local and/or regional spread of the tumour
IIIA

Tumour invades the serosa of the corpus uteri and/or adnexae

IIIB

Tumour involves the vagina and/or parametrium

IIIC1

Metastases in pelvic lymph nodes

IIIC2
IV

Metastases in para-aortic lymph nodes
Tumour invades bladder or bowel mucosa and/or distant metastases

IVA

Tumour invades bladder and/or bowel mucosa

IVB

Distant metastases (including inguinal lymph nodes and intra-abdominal metastases)

2.1.7 Prognosis
Surgically defined stage, histological type and grade, age, myometrial invasion,
and lymphovascular space invasion (LVSI) have been accepted as important
prognostic factors in endometrial cancer (Colombo et al., 2015). In a similar
fashion, current FIGO recommendations (Amant et al., 2018) conclude that four
main histopathological criteria should be used to classify a sample as high-risk
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disease: tumour grade 3, non-endometrioid histology, LVSI, and cervical stromal
involvement.
Surgically defined stage has long been considered the cornerstone of
prognostic evaluation in endometrial cancer (Table 4) (Creasman, 2009; Creasman
et al., 2006). Histological type is associated with survival, with endometrioid
adenocarcinoma having the most favourable prognosis, with survival rates of over
80%. Clear cell and serous adenocarcinomas have the worst prognosis, with fiveyear survival rates reported at 63% and 53%, respectively (Creasman et al., 2006).
As noted above, histopathological characterisation of endometrial tumours has its
own challenges. Grade 1 histopathological differentiation has been associated with
a five-year cancer-specific survival rate of 97%, grade 2 with a rate of 94%, and
grade 3 with a rate of 76% (Scholten, Smit, Beerman, van Putten, & Creutzberg,
2004). LVSI is associated with an overall five-year survival rate of 64%, if present,
and a rate of 88%, if absent (Creasman et al., 2006).
Table 4. Cancer-specific survival according to stage in our patient population. Similar
findings have been reported by others (Creasman et al., 2006).
Stage

n

I

140

Survival
91.4%

II

30

80.0%

III

36

66.7%

IV

5

40.0%

Overall

211

84.4%

Stage I vs. stage II vs. stage III vs. stage IV p<0.001

Myometrial invasion has long been strongly associated with the prognosis of the
disease (Abeler, Kjorstad, & Berle, 1992; Creasman et al., 2006). In the current
FIGO classification, invasion is defined as either <50% or ≥50% of the
myometrium (Amant et al., 2018). This definition is, however, quite arbitrary, and
more accurate assessment can be achieved with an optimally estimated cut-off
value. In a study by Geels et al. (2013), myometrial invasion was assessed in
millimetres, and a cut-off value of 4 mm was determined to most accurately
discriminate patients regarding the recurrence of the disease. They further showed
that this division (<4 mm myometrial invasion vs. ≥4 mm myometrial invasion)
holds independent, cancer-specific prognostic significance with an impressive
hazard ratio of 8.4.
Age has traditionally been seen as an independent prognostic factor and is
related to histopathological prognostic factors (Creasman et al., 2006). The impact
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of age on prognosis in endometrial cancer has, however, been debated in recent
years (Ahmed, Zamba, DeGeest, & Lynch, 2008; Benedetti Panici et al., 2014). It
has been suggested that the impact age has on survival is related to less aggressive
treatment options and inaccuracies in clinical cancer staging, and the matter
remains unclear (Ahmed et al., 2008; Creasman et al., 2006).
2.1.8 Treatment
Surgical treatment, encompassing hysterectomy, bilateral salpingo-oophorectomy,
and pelvic and para-aortic lymphadenectomy, has long been the suggested standard
treatment of endometrial cancer (SGO Clinical Practice Endometrial Cancer
Working Group, 2014a). The evidence, however, currently seems to favour a more
conservative approach regarding lymphadenectomy, and unanswered questions
remain (Frost, Webster, Bryant, & Morrison, 2015). In two randomised controlled
trials by Benedetti Panici et al. (2008) and the ASTEC Study Group (2009),
systematic lymphadenectomy did not improve overall survival when compared
with the resection of only suspicious lymph nodes. However, as Kim et al. (2012)
point out, the definition of systematic versus unsystematic lymphadenectomy may
have a noticeable effect on the results. In their meta-analysis, they suggest that a
cut-off set at roughly 10 resected lymph nodes may show a difference in overall
survival in patients with intermediate to high risk endometrial cancer (Kim et al.,
2012). Sentinel node mapping has also shown promise and may become a standard
approach in the future (Bodurtha Smith, Fader, & Tanner, 2016; Bogani, Murgia,
Ditto, & Raspagliesi, 2019).
According to the ESMO-ESGO-ESTRO 2015 consensus, lymphadenectomy
is not recommended for patients with a low risk endometrioid adenocarcinoma
(grade 1 or 2 and superficial, <50% myometrial invasion). For patients with an
intermediate risk carcinoma (deep myometrial invasion ≥50% or grade 3 with
superficial myometrial invasion), lymphadenectomy may be justified on the basis
of achieving accurate staging. For high-risk patients (grade 3 and ≥50% myometrial
invasion), lymphadenectomy is currently recommended (Table 5) (Colombo et al.,
2015).
Patients with grade 1 or grade 2, FIGO stage Ia endometrioid adenocarcinomas
will not benefit from any additional postsurgical therapies irrespective of
comprehensive staging. Even in higher risk stage I–II disease, the benefit of
adjuvant therapy does not seem to increase cancer-specific or overall survival,
although locoregional recurrence rates may be lowered. Vaginal brachytherapy is a
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viable alternative to whole pelvic radiation therapy if any such treatment is deemed
necessary in early stage disease. Likewise, the benefit of radiotherapy seems to be
limited to lowering locoregional recurrence rates in stage III–IV disease.
Chemotherapy, on the other hand, is known to positively affect cancer-specific
survival in these patients. Current literature favours combining the adjuvant therapy
modalities for best patient outcome in advanced stage disease. In advanced cases,
optimally executed cytoreductive surgery can also significantly affect the
prognosis, even in recurrent disease (SGO Clinical Practice Endometrial Cancer
Working Group, 2014b).
In accordance with the abovementioned limitations of adjuvant therapy, the
ESMO-ESGO-ESTRO 2015 consensus recommends no such treatment for lowrisk patients (stage I endometrioid, grade 1–2, <50% myometrial invasion, LVSI
negative). As the risk group increases, adjuvant therapy ranging from vaginal
brachytherapy to chemotherapy in combination with extended field external beam
radiation is recommended to be considered (Table 6) (Colombo et al., 2015). The
effectiveness of endocrine treatment is controversial but has shown some promise
(Jerzak, Duska, & MacKay, 2019).
Table 5. Risk assessment and need for lymphadenectomy according to the ESMOESGO-ESTRO 2015 consensus (Colombo et al., 2015).
Risk group

Definition

Lymphadenectomy

Low

Gr 1–2 & <50% MI

No

Intermediate

Gr 3 or ≥50% MI

Can be considered for staging purposes

High

Gr 3 & ≥50% MI

Yes

Gr, grade; MI, myometrial invasion

30

31

Brachytherapy

Brachy-, radio-, and/or chemotherapy

Brachy-, radio-, and/or chemotherapy

Brachy- or radiotherapy1

stage; Gr, grade; MI, myometrial invasion; LVSI, lymphovascular space invasion

Depending on LVSI status and whether surgical nodal staging has been performed. 2 Depending on whether surgical nodal staging has been performed. St,

St IVB

1

St III with residual disease or st IVA

St I endometrioid, gr 3, & ≥50% MI or st II or st III endometrioid with no residual
disease

High

Metastatic

St I endometrioid, gr 3, & <50% MI or st I endometrioid, gr 1–2, & LVSI positive

High–intermediate

Advanced

Brachytherapy or radiotherapy
with/without sequential chemotherapy2

St I endometrioid, gr 1–2, ≥50% MI, & LVSI negative

Intermediate

None

St I endometrioid, gr 1–2, <50% MI, & LVSI negative

Low

Adjuvant therapy to consider

Definition

Risk group

(Colombo et al., 2015).

Table 6. Risk assessment and consideration for adjuvant treatment according to the ESMO-ESGO-ESTRO 2015 consensus

Fig. 2. The four-phase division of the cell cycle: G1 (gap 1), S (DNA synthesis), G2 (gap
2), and M (mitosis).

2.2

Cell Cycle

The eukaryotic cell cycle is often divided into four basic phases, gap 1 (G1), DNA
synthesis (S), gap 2 (G2), and mitosis (M) (Figure 2). A resting cell is said to be in
G0, a phase which can only be entered in the late G1 phase (Harashima et al., 2013;
Koolman & Rohm, 2012). Before the discovery of the structure of DNA and its
synthesis and subsequent four-stage division of the cell cycle, mitotic phenomena
regarding the behaviour of (condensed) chromosomes had been observed and
described. From a mitotic point of view, the cell cycle encompasses interphase,
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prophase, prometaphase, metaphase, anaphase, and telophase. Prometaphase is
sometimes included in prophase, and telophase is sometimes considered separately
from mitosis. G1, S, and G2 form the interphase, whereas the rest of these phases
are part of mitosis (Adams, 2010; Koolman & Rohm, 2012). Cytokinesis, or the
actual division of cytoplasm and organelles to two daughter cells, is sometimes
considered as a separate phase.
During the long interphase, a cell prepares for mitosis by growing in size and
synthesising new organelles (G1), replicating its DNA (S), and synthesising the
spindle apparatus (G2) (Koolman & Rohm, 2012). During prophase, the cell
prepares to divide by tightly condensing its chromosomes. The mitotic spindle also
begins to form. The nuclear membrane breaks down in prometaphase allowing the
spindle microtubules access to the condensed chromosomes. The microtubules
attach to kinetochores, long protein filaments around the centromere. In metaphase,
the spindle is complete, and the chromosomes align along the cell equator. This is
followed by anaphase, where all the ties between sister chromatids are loosened
and the chromatids move to opposite ends pulled by the intricate microtubule
system. Lastly, in telophase, the mitotic spindle is disassembled and the nuclear
membrane restored to form part of the new nucleus (Adams, 2010; Craig & Choo,
2005).
2.2.1 Cell Cycle Checkpoints
Numerous exogenous and endogenous factors, such as ionising radiation and
oxidative stress, can modify or damage DNA. For the appropriate execution of a
cell cycle, these defects and errors must be identified and repaired. The term ‘cell
cycle checkpoint’ refers to a biochemical mechanism which aims to conserve
genetic and chromosomal stability and, if necessary, halts the cell cycle if a
preceding event has not been adequately completed (Hustedt, Gasser, & Shimada,
2013). What exactly constitutes ‘a checkpoint’ is subject to debate, but the G1
checkpoint (also known as the G1/S or restriction checkpoint) guarding the
beginning of the cell cycle, the G2 (G2/M) checkpoint regulating entry into mitosis,
and the spindle checkpoint assuring that the spindle apparatus is properly attached
before chromosome separation, are usually given as notable examples (Lim &
Kaldis, 2013).
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2.2.2 Cell Cycle Pathways
G0 Phase
In G0 and early G1, the expression of E2F target genes, such as CCNA2 (cyclin A)
and CDK1, is inhibited by p130 and p107 in complex with histone deacetylase 1
(HDAC1) and possibly other chromatin modifying enzymes. p130 and p107 also
possess a cyclin-binding Leu-Phe-Gly (LFG) motif which enables the binding and
subsequent inhibition of cyclin A/cyclin E-CDK2 complexes, thus suppressing
cellular growth (Fabregat et al., 2018; Hoffmann et al., 2011; Jassal et al., 2019).
G1 Phase
Mitogens, such as growth factors, can trigger a mitotic stimulus in a cell. This
stimulus is conveyed in part by rat sarcoma (RAS), mitogen-activated protein
kinase (MAPK), and mammalian target of rapamycin (mTOR) signalling
pathways, and ultimately leads to an upregulation in cyclin D synthesis. Cyclin D
acts as an activator to CDK4 and CDK6, and these complexes play an important
role in the early G1 phase of the cell cycle. The cyclin D-CDK complexes are
activated by CDK-activating kinase (CAK). Active cyclin D-CDK4/CDK6
complexes drive the cell cycle forwards by phosphorylating retinoblastoma pocket
protein family members, pRb and Rb-like proteins p107 and p130 (Bartek,
Bartkova, & Lukas, 1997; Zetterberg, Larsson, & Wiman, 1995).
The phosphorylation status of pRb is an important control mechanism in the
G1 phase as it affects the activity of transcription factors required for cell cycle
progression. The most notable of these factors are the activating E2Fs which act as
direct stimulators of the transcription of several genes essential in the G1/S
transition. Phosphorylation of pRb leads to the release of activating E2Fs (E2F13), while phosphorylation of p107 and p130 leads to the dissociation of repressor
E2Fs (E2F4–5) from complexes they formed with the Rb-like proteins and
dimerisation partner 1 and 2 (DP1 and DP2). Dissociated repressor E2Fs lack a
nuclear localisation signal and translocate to the cytosol, which allows the
activating E2Fs to bind to the promoter sites of the genes required for the G1/S
transition. Among these genes are those of CCNA (cyclin A), CCNE (cyclin E),
and CDK1 (Bartek et al., 1997; Fabregat et al., 2018; Hoffmann et al., 2011; Jassal
et al., 2019; Ohtani, DeGregori, & Nevins, 1995; Zetterberg et al., 1995).
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During G1 phase and the G1/S transition, the CKIs play a dualistic role, since
p27 and p21 promote the formation of cyclin D-CDK4/CDK6 complexes but also
inhibit their activity. Cips/Kips, p27, p21, and p57 can be converted from bound
inhibitors to bound non-inhibitors by phosphorylation of specific tyrosine residues
by SRC family kinases (e.g. protein tyrosine kinase 6, PTK6), which results in their
dislodgement from the active part of CDK4/CDK6. Bound Cips/Kips are required
for the translocation of cyclin D-CDK4/CDK6 complexes to the nucleus during the
G1/S transition (Fabregat et al., 2018; Hoffmann et al., 2011; Jassal et al., 2019).

Fig. 3. Cyclin E-CDK complexes are part of a positive feedback loop that disconnects
cell proliferation from extracellular growth factors.

G1/S Transition
Following the increase in CCNE gene expression, cyclin E levels surge in the late
G1 phase leading to the accumulation of cyclin E-CDK2 complexes (Ohtani et al.,
1995). Important substrates for these complexes include proteins required for DNA
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replication, e.g. those supporting the assembly of the minichromosome
maintenance protein (MCM) complex (Coverley, Laman, & Laskey, 2002;
Fabregat et al., 2018; Hoffmann et al., 2011; Jassal et al., 2019). Cyclin E-CDK2
complexes also further phosphorylate pRb, effectively creating a positive feedback
loop. It is positive feedback loops like this that disconnect cell proliferation from
extracellular growth factors (Figure 3) (Blagosklonny & Pardee, 2002;
Darzynkiewicz et al., 2015; Santo, Siu, & Raje, 2015). At first, cyclin E-CDK2
complexes translocate to the nucleus and CDK2 is phosphorylated by WEE1 G2
checkpoint kinase (WEE1) and myelin transcription factor 1 (MYT1) kinases,
which inhibits the kinase activity of the complex. CDK2 is again dephosphorylated
by cell division cycle protein 25A (CDC25A) kinase if the replication machinery
is ready (Fabregat et al., 2018; Hoffmann et al., 2011; Jassal et al., 2019).
The accumulation of cyclin E is followed by the accumulation of cyclin A in
the early S phase from which point forward cyclin A similarly activates CDK2
(Ohtani et al., 1995). Cyclin A-CDK2 complexes play an important part in the
initiation of DNA synthesis (Coverley et al., 2002).
There are numerous known control mechanisms acting during the G1/S
transition of the cell cycle. The ubiquitin-mediated proteolysis of cyclin E, carried
out by an E3 ubiquitin ligase SKP, Cullin, F-box containing complex/S-phase
kinase-associated protein 2 (SCF/SKP2), provides an important mechanism to
control the integrity of the cell cycle. CDK2, on the other hand, is controlled by
phosphorylation by the WEE1 and MYT1 kinases, and dephosphorylation of these
sites by CDC25 phosphatases, as mentioned above (Fabregat et al., 2018;
Hoffmann et al., 2011; Jassal et al., 2019). CDC25A levels are controlled in part by
checkpoint kinase 1 and 2 (CHEK1 and CHEK2), which provide a rapid response
to genotoxic stress if necessary (Kastan & Bartek, 2004).
In addition to these, the Cips/Kips, p21, p27, and p57, provide a critical
negative regulatory mechanism during the G1/S transition by inhibiting CDK
activity (Chu, Hengst, & Slingerland, 2008; Fabregat et al., 2018; Hoffmann et al.,
2011; Jassal et al., 2019). p27 transcription is induced by forkhead box O (FOXO)
and inhibited by MYC proteins (Kastan & Bartek, 2004). Nuclear translocation of
p27 is necessary for it to inhibit CDK2 activation by CAK, whereas cytoplasmic
p27 mediates other functions (Chu et al., 2008; Fabregat et al., 2018; Hoffmann et
al., 2011 Jassal et al., 2019). The phosphorylation status of p27, affected by a
number of kinases, determines its localisation in the cell (Borriello, Cucciolla,
Oliva, Zappia, & Della Ragione, 2007). The degradation of the Cips/Kips is
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essential for the progression of the cell cycle (Fabregat et al., 2018; Hoffmann et
al., 2011; Jassal et al., 2019; Kitagawa, Kotake, & Kitagawa, 2009).
There is a significant rise in the proteolysis of p27 as the cell cycle nears the
G1/S transition (Chu et al., 2008). Like many other proteins, such as cyclin E, p27
is degraded by the ubiquitin-proteasome pathway (Kitagawa et al., 2009). The
ubiquitin-proteasome pathway requires the formation of a multienzyme complex
consisting of ubiquitin-activating enzyme (E1), ubiquitin-conjugating enzyme
(E2), and ubiquitin ligase (E3) (Kitagawa et al., 2009; Ungermannova, Gao, & Liu,
2005). Kip1 ubiquitylation-promoting complex (KPC), p53-inducible protein with
RING-H2 domain (PIRH2), and SCF have been recognised as E3 ligases
responsible for the ubiquitination of p27. KPC localises to the cytoplasm and has a
high activity during G0 and G1 phases, whereas PIRH2 is found both in the nucleus
and cytoplasm and functions through the late G1 to S phase (Kitagawa et al., 2009).
SCF localises to the nucleus, has high activity during the early S phase, and
arguably forms the most potent of these p27 degradation pathways (Kitagawa et
al., 2009; Ungermannova et al., 2005).
Ubiquitination
In the ubiquitination process, ubiquitin is activated by the formation of thioester
bond catalysed by the ubiquitin activating enzyme (E1); ubiquitin is subsequently
transferred to the ubiquitin-conjugating enzyme (E2) and, finally, to a lysine
residue in the target protein by a ubiquitin ligase enzyme (E3). Ubiquitination
marks the protein for degradation by the 26S proteasome (Fabregat et al., 2018;
Hoffmann et al., 2011; Jassal et al., 2019; van Leuken, Clijsters, & Wolthuis, 2008).
In order for SCF to recognise and ubiquitinate p27, the substrate (p27)
undergoes phosphorylation at Thr187, an event mediated by cyclin E-CDK2 and/or
cyclin A-CDK2 complexes (Chu et al., 2008; Kitagawa et al., 2009). Another
phosphorylation event at Tyr88, mediated by Abl and SRC family kinases, aids this
process (Chu et al., 2008). An accessory protein, cyclin-dependent kinase-subunit
1 (CKS1), also further promotes the SCF-p27 interaction (Fabregat et al., 2018;
Hoffmann et al., 2011; Jassal et al., 2019; Kitagawa et al., 2009). After these
processes, polyubiquitinated p27 is degraded by the 26S proteasome. The
degradation of p27 continues from the late G1 through M phase. During G0 and
from the early G1 to G1/S phase transition, SCF is degraded by APC activator
protein CDH1-anaphase-promoting complex/cyclosome (CDH1-APC/C). The
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strict control of APC/C activity plays an important role in the timely execution of
the G1/S transition (Fabregat et al., 2018; Hoffmann et al., 2011; Jassal et al., 2019).
APC/C
APC/C is a large multimeric E3 ligase containing 14 subunits in mammalian cells.
APC/C is activated by the phosphorylation of its core subunits (in part carried out
by cyclin-CDK1 complexes) and the recruitment of its activators, CDH1 and
CDC20, and inhibited by early mitotic inhibitor 1 (EMI1) and mitotic checkpoint
complex (MCC). Depending on the activator present, APC/C can target proteins
with specific recognition sequences (e.g. a destruction box (D box), a KEN box,
and/or a CRY box). The oscillating nature of APC/C activity ensures the timely
degradation of its substrates, such as mitotic cyclins and securin. During mitosis,
APC/C promotes sister chromatid separation and mitotic exit, whereas in
interphase, APC/C activity ensures correct length of the G1 phase (de Boer,
Guerrero Llobet, & van Vugt, 2016; Ramanujan & Tiwari, 2016).
During the course of the interphase, the regulatory protein EMI1 inhibits
CDH1-APC/C activity by acting as a pseudo-substrate to the complex (de Boer et
al., 2016). Further inhibition of APC/C is accomplished by a feedback loop in
which the now accumulating cyclins lead to an increase in CDK activity and
subsequent phosphorylation (inactivation) of CDH1. Following the diminishing
APC/C activity, CDH1 and its E2 are permanently eliminated by an autoubiquitination event. The inhibition of APC/C leads to an increase in SCF activity,
which in turn increases the degradation of p27 and p21, thus further increasing
CDK activity and allowing the cell cycle to progress (Fabregat et al., 2018;
Hoffmann et al., 2011; Jassal et al., 2019).
G1/S – Restriction Point
In a normal cell culture, growth factors are essential to initiate and maintain the
beginning of the G1 phase. However, if the growth factors are withdrawn, the cell
cycle ceases. The point after which a cell is committed to DNA synthesis and no
longer requires extracellular growth factors to maintain cell cycle has been termed
‘the restriction point’ (Blagosklonny & Pardee, 2002).
The famous tumour suppressor protein p53 plays a pivotal role in halting the
progression of cell cycle if DNA damage is present, but there also exist p53independent pathways. The p53-dependent pathways involve CKIs (namely the
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p53-p21 pathway), which have been upregulated by a p53-mediated process,
whereas the p53-independent pathways inhibit CDKs by phosphorylation at
Thr14/Tyr15 (Fabregat et al., 2018; Hoffmann et al., 2011; Jassal et al., 2019).
p53 is normally quickly ubiquitinated by mouse double minute 2 homologue
(MDM2) for proteasomal degradation. In the presence of DNA damage, however,
ATM serine/threonine kinase/ATR serine threonine kinase (ATM/ATR) and
CHEK1/CHEK2 kinases inactivate MDM2 and stabilise p53 by phosphorylation
of specific sequences. The promoter region of the p21 gene is one of the targets of
p53. p53 activates the transcription of p21, and p21, in turn, inhibits cyclin E-CDK2
complexes, resulting in the lack of phosphorylation of pRb and inhibition of the
Rb-E2F pathway. This leads to cell cycle arrest in G1 (Fabregat et al., 2018;
Hoffmann et al., 2011; Jassal et al., 2019).
S Phase
CDK2 activity is required during the S phase, by which stage cyclin A has largely
replaced cyclin E as the CDK activator (Malumbres & Barbacid, 2009; Santo et al.,
2015). Cyclin A-CDK2 complexes play a key role in the regulation of DNA
replication by activating proteins required for replication complex assembly, such
as Treslin (Moiseeva & Bakkenist, 2018). Cyclin A-CDK2 complexes also
importantly target substrates required for centrosome duplication, a key event for
respectable spindle formation and chromosome segregation to occur (Meraldi,
Lukas, Fry, Bartek, & Nigg, 1999). Negative regulatory effects of cyclin A-CDK2
complexes include the phosphorylation of cell division cycle 6 (CDC6) which
forces the protein to translocate to the cytoplasm, effectively rendering it unable to
participate in the assembly of pre-replicative complexes (Nguyen, Co, & Li, 2001;
Petersen, Lukas, Sorensen, Bartek, & Helin, 1999).
During the S phase, when the DNA double helix is unwound, the cell is
particularly vulnerable to genotoxic insult. At least two mechanisms, both
controlled by the ATM/ATR signalling pathway, provide inhibition of the DNA
synthesis if genotoxic insults are identified. The ATM/ATR-linked CDC25Adegradation cascade works in a similar fashion as during the G1/S transition,
controlling CDK2 activation. CDK2 activity is essential for the initiation of origin
firing (DNA replication). The other pathway is linked to the ATM-mediated
phosphorylation of Nijmegen breakage syndrome 1 (NBS1) and structural
maintenance of chromosomes 1 (SMC1) (Kastan & Bartek, 2004). Insults that lead
to replication slow down or blockage activate the replication checkpoint which
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aims to maintain the integrity of the vulnerable replication forks, thus preserving
genomic stability (Hustedt et al., 2013; Kastan & Bartek, 2004).
G2/M Transition
In 1971, Masui and Markert (1971) reported a transferable cytoplasmic activity
which induced progression into M phase in the G2 phase arrested oocytes of the
frog species Rana pipiens. This activity was named the maturation-promoting
factor (MPF). Subsequent studies elucidated that MPF is highly conserved in the
eukaryotic kingdom, and in the late 1980s, Labbe et al. (1989) showed that MPF
consisted of CDK1 and cyclin B (Kishimoto, 2015; Surridge et al., 2001).
CDK1 activity is essential for the G2/M transition. Cyclin A has the capability
to active CDK1 in addition to CDK2 and plays an important role until late
interphase. Cyclin A-CDK complexes phosphorylate forkhead box M1 (FOXM1)
transcription factors leading to the activation of a number of genes required for
mitotic entry, including CCNB1 and CCNB2 (cyclin B) (Laoukili et al., 2008;
Laoukili et al., 2005; Malumbres & Barbacid, 2009; Santo et al., 2015). Cyclin B
also binds CDK1, and these complexes further drive the cell cycle towards mitosis
by phosphorylating transcription factors, such as forkhead box K2 (FOXK2)
(Marais et al., 2010). These complexes also phosphorylate substrates involved in
the nuclear envelope breakdown, chromosome condensation, and spindle assembly
during mitotic progression (Santo et al., 2015).
To ensure proper timing of premitotic events, newly formed cyclin B-CDK1
complexes are quickly inactivated by phosphorylation at Tyr15 by members of the
WEE1 nuclear kinase family. Another phosphorylation event is carried out by
MYT1 at Thr14 in the cytoplasm. Cyclin B-CDK1 complexes are later activated
by CDC25 family of phosphatases, if conditions are appropriate (O'Connell &
Cimprich, 2005). If the integrity of replicated DNA is compromised, however,
mitotic entry is prevented by a cascade of events that inhibit CDK1 activity by
keeping it in a phosphorylated state (Fabregat et al., 2018; Hoffmann et al., 2011;
Jassal et al., 2019).
G2/M Checkpoint
Prior to the mitotic spindle checkpoint, proliferating cells undergo the G2/M
checkpoint. The key target of the checkpoint is the activity of cyclin B-CDK1.
DNA-damage-induced inhibition of cyclin B-CDK1 activity is mediated by
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ATM/ATR, CHEK1/CHEK2, and p38 kinase, which sequester, degrade, and/or
inhibit the CDC25 family of phosphatases. Upstream regulators of cyclin B and
CDC25 family, polo-like kinases 1 and 3 (PLK1 and PLK3) are also targeted
(Kastan & Bartek, 2004).
CDC20 levels increase in early mitosis and degrade in the late M phase. During
mitosis, CDC20 replaces CDH1 as an activator of APC/C. Cyclin-CDK complexes
play a role in these interactions by phosphorylating CDC20, rendering it able to
bind and activate APC/C, while having the exact opposite effect by phosphorylating
CDH1. The substrates of CDC20-APC/C share a recognition motif called the
destruction box (D box) and include cyclin A, cyclin B, securin, and NIMA-related
kinase 2 (NEK2). Cyclin A and NEK2 are degraded in prometaphase before the
mitotic spindle checkpoint and cyclin B and securin in metaphase after passing the
checkpoint. Degradation of securin, an inhibitor of separase, is required for sister
chromatid separation, whereas degradation of cyclin B is essential for mitosis (de
Boer et al., 2016; Fabregat et al., 2018; Hoffmann et al., 2011; Jassal et al., 2019;
van Leuken et al., 2008).
Mitotic Spindle Checkpoint
The mitotic spindle checkpoint is an evolutionary conserved mechanism which
ensures that mitosis results in two euploid cells. By an unknown mechanism,
checkpoint proteins at the kinetochore assess the number of microtubules and the
tension between the kinetochores of two sister chromatids. Normally aligned and
attached sister chromatids have 20–30 microtubules attached to their kinetochores
and exert tension through these structures. If the kinetochore is not saturated with
microtubules or if the tension between sister kinetochores is too low, a signal
pathway is activated. The target of the signal pathway is the activity of APC/C
(Fabregat et al., 2018; Hoffmann et al., 2011; Jassal et al., 2019; van Leuken et al.,
2008).
Mitotic arrest deficiency 1-2 (MAD1-MAD2) heterodimers are formed at the
kinetochore until preconditions for mitosis are met. These dimers induce
conformational changes in separate MAD2 proteins to produce closed MAD2 (CMAD2). C-MAD2, in conjunction with hBUBR1 and hBUB3, forms the MCC,
which incorporates and directly inhibits CDC20, thus inhibiting APC/C activity (de
Boer et al., 2016). When the mitotic conditions are met, the inhibition of CDC20 is
alleviated and the APC/C-mediated ubiquitination process proceeds. This leads to
a low CDK activity and inactivation of CDC20 while having the opposite effect on
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CDH1, which again replaces CDC20 as the activator for APC/C during metaphase
(Ramanujan & Tiwari, 2016).
CDH1-APC/C is a more universal E3 ligase than CDC20-APC/C and its
substrates include mitotic proteins, such as mitotic cyclins (cyclin A, cyclin B) as
well as CDC20 and SKP2 (de Boer et al., 2016; Fabregat et al., 2018; Hoffmann et
al., 2011; Jassal et al., 2019; Ramanujan & Tiwari, 2016). At this stage of the cell
cycle, the inhibitory effects of EMI1 on CDH1-APC/C are alleviated by the PLK1mediated phosphorylation of EMI1, which marks the protein for proteasomal
degradation by an SCF-mediated pathway (de Boer et al., 2016).
2.3

Cyclins and CDKs

2.3.1 Cyclins
Cyclins were first identified in the early 1980s as proteins that degraded at the end
of each M phase in sea urchin embryos. Later in the decade, it was established that
the previously identified maturation-promoting factor (MPF) was in fact a complex
consisting of cell division cycle protein 2 (CDC2) and cyclin B (CDC2
subsequently renamed CDK1). The discovery was followed by the identification of
other cyclin-CDK complexes (Doree & Hunt, 2002; Surridge et al., 2001).
Currently, some 30 proteins form the cyclin family (Malumbres, 2014).
Cyclins perform an evolutionarily conserved task in cell proliferation
throughout the eukaryotic kingdom by acting as activators for cyclin-dependent
kinases (CDKs), a family of protein kinases essential for cell cycle progression.
During the course of evolution, their number has increased with the number of
CDKs: fungi have nine to 15 cyclins and six to eight CDKs, flies 14 cyclins and 11
CDKs, and humans 29 cyclins and 20 CDKs. Cyclins are synthesised phasespecifically, the transcription of their genes and translation of the mRNA being
regulated by specific mechanisms. Cyclins are further regulated by
phosphorylation and readily degraded by ubiquitin-dependent mechanisms
(Bassermann et al., 2014; Klein & Assoian, 2008; Maity, McKenna, & Muschel,
1995). Subsequently, cyclin levels oscillate in a specific manner throughout the cell
cycle (Figure 4), while CDK levels remain relatively constant (Koolman & Rohm,
2012; Sherr, 1996).
Cyclin A influences the transitions between both G1 and S and G2 and M
phases. Cyclin B is involved in the control of the G2/M transition and cyclins D
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and E in the control of the G1/S transition (Harashima et al., 2013; Malumbres &
Barbacid, 2009). In addition to these primary cyclins, several other proteins
belonging to the cyclin family, such as cyclins C, G, H, K, L, M, T, and Y, have
been identified. These cyclins indirectly influence cell cycle progression and
transcription by activating their respective CDKs. Cyclin H is of particular interest,
since it, along with CDK7 and menage a trois 1 (MAT1), forms the cyclinactivating kinase (CAK) (Malumbres, 2014). Functions unrelated to CDK
activation have also been reported (Lim & Kaldis, 2013).

Fig. 4. The primary cyclins (cyclin A, B, E, and D) are expressed at specific times during
the cell cycle.

Cyclin A
Two types of cyclin A have been identified: cyclin A2 (often simply referred to as
cyclin A) and cyclin A1. Cyclin A2 is encoded by the CCNA2 gene located at 4q27
and cyclin A1 by CCNA1 located at 13q13.3 (The National Centre for
Biotechnology Information, 2019). Murine knockout studies have shown that
cyclin A2 is essential for embryonal germ cell proliferation and haematopoiesis,
but not for fibroblast proliferation (Kalaszczynska et al., 2009). Cyclin A2
knockout mice are embryonically lethal (Murphy et al., 1997).
In mice, cyclin A1 has been shown to be essential for spermatogenesis, which
may also be the case in primates (Liu et al., 1998). In humans, the highest rates of
cyclin A1 are found in the testes, and, interestingly, high rates also exist in certain
43

leukaemic cell lines. Although cyclin A1 is detectable in tissues other than the
testes, it is thought to have limited importance in the mitotic cell cycle (Yang,
Morosetti, & Koeffler, 1997).
Cyclin B
In mammals, two types of cyclin B have been identified, cyclin B1 and cyclin B2.
Proliferating cells express both of them. In humans, the CCNB1 gene locus
encoding cyclin B1 is located at 5q13.2 and the CCNB2 gene locus encoding cyclin
B2 at 15q22.2 (The National Centre for Biotechnology Information, 2019). Murine
knockout studies have revealed, however, that cyclin B2 is near redundant,
nullizygosity having some effect on body and litter size of the animals. Cyclin B1,
on the other hand, is essential for life, at least in mice (Brandeis et al., 1998).
Cyclin D
Three cyclin D homologues have been identified in humans: cyclin D1, cyclin D2,
and cyclin D3. Cyclin D1 is encoded by CCND1 gene located at 11q13.3, cyclin
D2 by CCND2 at 12q13.32, and cyclin D3 by CCND3 at 6p21.1 (The National
Centre for Biotechnology Information, 2019). Murine knockout studies have
shown a variety of defects related to the loss of any one of these homologues. Loss
of all three type D cyclins leads to early embryonic death (Sherr & Roberts, 2004).
Cyclin E
Two cyclin E homologues, cyclin E1 and E2, have been identified, encoded by
CCNE1 and CCNE2 genes, respectively. CCNE1 is located at 19q12 and CCNE2
at 8q22.1 (The National Centre for Biotechnology Information, 2019).
Interestingly, cyclin E1-null mice are viable and overtly normal. Loss of cyclin E2,
on the other hand, leads to hypoplastic testes and male infertility, whereas the loss
of both of the homologues results in early embryonic death (Sherr & Roberts,
2004).
2.3.2 Cyclin Structure
Structurally, cyclins form a diverse group of proteins varying in mass from 35 to
90 kDa and characterised by a 100 amino acid long sequence known as the cyclin
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box, which mediates the binding to CDKs. Some cyclins have two cyclin boxes at
each end of the protein, one of which binds the CDK while the other contributes to
the folding of the protein. Sequence variations outside the cyclin box ensure
functional diversity (Lim & Kaldis, 2013; Malumbres, 2014; Noble, Endicott,
Brown, & Johnson, 1997).
2.3.3 CDKs
Cyclin-dependent kinases belong to the cyclin-dependent kinases, mitogenactivated protein kinases, glycogen synthase kinases and CDK-like kinases
(CMGC) group, a group of proline-directed serine/threonine-protein kinases
(Malumbres, 2014). Their serine/threonine-specific catalytic core is made up of an
adenosine triphosphate (ATP)-binding pocket, a PSTAIRE-like cyclin-binding
domain and an activating T-loop motif (Lim & Kaldis, 2013). What sets CDKs
apart from other kinases in the group is the dependency on separate activator units
for the kinases to activate. Like their cyclin partners, CDKs have been divided into
two groups: those that are involved in the progression of the cell cycle (CDK1,
CDK2, CDK4, and CDK6) and those involved in the regulation of transcription
(such as CDK7, CDK8, and CDK9). This division has its limitations, since these
events are intertwined (Asghar, Witkiewicz, Turner, & Knudsen, 2015; Malumbres,
2014).
2.3.4 Cyclin-CDK Interaction
Structurally, cyclins are fairly rigid proteins, whereas CDKs are more pliable. Upon
forming a complex, cyclins mostly retain their tertiary structure, while CDKs
undergo structural changes to produce a complementary surface for interaction
(Brown et al., 1995).
The extent of the cyclin-CDK interaction varies between different cyclin-CDK
complexes. For example, the binding of cyclin A to CDK2 produces a rotation in
the C-helix of the CDK, which packs against a specific cyclin A helix through a
surface characterised by extensive hydrophobic interactions. The rotation displaces
the T-loop and generates new interactions which produce parts of the active ATPbinding site (Lim & Kaldis, 2013; Malumbres, 2014). Cyclin A also takes the Clobe activation segment out of the catalytic site so that a specific threonine becomes
accessible for CAK, the subsequent phosphorylation helping to stabilise the protein
complex. Unlike cyclin A-CDK2 complexes (Figure 5), cyclin D binds CDK4 only
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in the N-terminal lobe and does not impose such an obvious conformational change
as the ATP-binding site is kept inactive. How CDK4 becomes active is not fully
understood (Malumbres, 2014).

Fig. 5. Schematic representation of the structure of the cyclin A-CDK2 complex. Image
from the RCSB Protein Data Bank (RSCB PDB, rcsb.org) (Berman et al., 2000). PDB ID:
1FIN (Jeffrey, P. D., Russo, A. A., Polyak, K., Gibbs, E., Hurwitz, J., Massague, J., &
Pavletich, N. P. (1995). Mechanism of CDK activation revealed by the structure of a
cyclinA-CDK2 complex. Nature, 376(6538), 313–320. doi:10.1038/376313a0). Image
created with the NGL Viewer (Rose, A. S., Bradley, A. R., Valasatava, Y., Duarte, J. D.,
Prlić, A., & Rose, P. W. (2018). NGL viewer: web-based molecular graphics for large
complexes. Bioinformatics 34: 3755–3758. doi:10.1093/bioinformatics/bty419).

2.3.5 CKIs
CKIs have been divided into two classes: the inhibitors of CDK4 (INK4) p15, p16,
p18, and p19 and CDK-interacting proteins/kinase inhibitor proteins (Cips/Kips)
p21, p27, and p57. INK4s inhibit CDK4 and CDK6, whereas Cips/Kips have a
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more dualistic role; they inhibit CDK2-cyclin complexes, but also seem to facilitate
the binding of cyclin D to CDK4/CDK6 (Abukhdeir & Park, 2008).
p27
p27, first identified in the early 1990s, is encoded by the CDKN1B gene located at
12p13.1 (Abukhdeir & Park, 2008; The National Centre for Biotechnology
Information, 2019). p27 is primarily a nuclear protein, but prior to its degradation
it appears in the cytoplasm near the G1/S transition (Connor et al., 2003). Only
nuclear p27 is thought to hold CDK-inhibiting activity, whereas cytoplasmic p27
may have functions other than direct CDK inhibition, e.g. inhibition of the RAS
homologue gene family member A (RHOA) pathway linked to cell motility (Chu
et al., 2008).
2.3.6 CDK-p27 Interaction
The 69-residue N-terminal region of p27 is responsible for the interaction and
inhibition of cyclin-CDK complexes, whereas the C-terminal region is suspected
to react with several proteins not directly related to cell proliferation, including the
cell motility related RHOA pathway. Upon binding, p27 causes noticeable
conformational changes to the catalytic cleft of the CDK and has separate binding
sites for the cyclin partner rendering the kinase complex inactive (Borriello et al.,
2007).
p27-null mice grow up to 40% larger than normal mice and exhibit
organomegaly in addition to being more susceptible to cancer development,
including endometrial adenocarcinoma (Fero, Randel, Gurley, Roberts, & Kemp,
1998; Kiyokawa et al., 1996; Nakayama et al., 1996). Females are also infertile.
Heterozygous p27+/- mice have similar, although significantly less severe
abnormalities (Kiyokawa et al., 1996; Nakayama et al., 1996).
2.3.7 Promiscuity of Cyclins and CDKs
Initial studies on cyclins and CDKs supported the idea that they were irreplaceable
for cell cycle progression and were each required at specific stages of the
mammalian cell cycle. Murine knockout studies have since revealed a remarkable
plasticity in the matter. As mentioned above (see section 2.3.1 Cyclins), loss of a
specific cyclin leads to varying degrees of developmental issues and even early
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embryonic death, but does not halt the cell cycle per se. As for CDKs, CDK1 seems
to be the only CDK essential for cell cycle progression and can be activated by Dor E-type cyclins in the absence of their respective CDKs, CDK4/CDK6 and CDK2
(Malumbres, 2014; Santamaria et al., 2007). These knockout mice, relying solely
on CDK1, are not viable but develop beyond organogenesis to midgestation. As
with cyclins, common to the viable CDK-knockout organisms seems to be a
relatively normal phenotype with abnormal development of some specific tissues:
CDK6 knockout mice have deficient haematopoietic tissue (Malumbres et al.,
2004), CDK2 knockout mice have infertility, and CDK4 knockout mice have
diabetes among other issues (Lee & Sicinski, 2006). Whether the cyclin-CDK
promiscuity has any relevance regarding tumourigenesis in vivo is unclear
(Malumbres, 2014).
2.3.8 Oncoviruses
There are some interesting links between cyclins and oncoviruses. Hepatitis B
virus, for example, can integrate into an intron sequence of the cyclin A gene,
possibly playing a role in the tumourigenic potential of the virus, as alterations of
this nature have been linked to more aggressive hepatocellular carcinoma (HCC)
types (Levrero & Zucman-Rossi, 2016). Moreover, at least some oncoviruses, most
notably human gammaherpesvirus 8 (HHV8), i.e. Kaposi’s sarcoma associated
herpes virus, encode cyclin-like proteins capable of activating CDKs leading to
pRb phosphorylation and subsequent cell cycle events (Jha, Banerjee, & Robertson,
2016).
2.3.9 Cyclins and Cancer
Malignant neoplasms are characterised by the capability to sustain proliferative
signalling, evade growth suppressors, enable replicative immortality, resist cell
death, induce angiogenesis, activate invasion, and metastasise (Hanahan &
Weinberg, 2011). Cyclins play a key role in cell proliferation, and their abnormal
expression has been linked to a number of neoplasms (Malumbres & Barbacid,
2009). For example, overexpression of cyclins A, B, E, and D have all been linked
to breast cancer (Keyomarsi et al., 2002; Klintman et al., 2013; Musgrove, Caldon,
Barraclough, Stone, & Sutherland, 2011; Poikonen et al., 2005; Sun et al., 2017).
Moreover, high cyclin A expression seems to predict tamoxifen-resistance in the
disease (Michalides et al., 2002; Gao et al., 2014). Cyclin A also holds independent
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prognostic significance in rectal neuroendocrine tumours and oral squamous cell
carcinoma (Jernman et al., 2014; Monteiro et al., 2018). High expression of cyclin
B has, on the other hand, been reported to hold independent prognostic significance
in squamous cell carcinoma (SCC) of the oesophagus (Nozoe et al., 2002) and also
confers prognostic significance in HCC (Zhuang, Yang, & Meng, 2018). High
expression of cyclin D has been linked to lung cancer, melanoma, and oral SCC
(Musgrove et al., 2011), whereas high expression of cyclin E holds prognostic
significance in gastrointestinal cancer (Huang, Ren, Tang, Feng, & Chen, 2016)
and is an independent prognostic factor in lung cancer (Huang et al., 2012) and
HCC (Qin & Tang, 2002). High expression of cyclin E has also been linked to
ovarian cancer development through gene amplification (Kroeger & Drapkin,
2017). Gene amplification of cyclin E also negatively affects overall survival in
endometrial endometrioid adenocarcinoma (Nakayama et al., 2016).
Although gene amplification provides an explanation for overexpression of
cyclins in neoplasms, it does not seem to fully address the phenomenon (Bondi et
al., 2005; Kim et al., 1998; Musgrove et al., 2011). Transcriptional and translational
regulation, posttranslational modifications, as well as insufficient degradation
likely play a role (Kim et al., 1998). Noteworthy in this regard is the fact that
deregulation of a certain cyclin has the potential to affect the expression and activity
of other cyclins. Underlining this innate complexity of the cell cycle, Husdal,
Bukholm, & Bukholm (2006) provided evidence that cyclin A gene amplification
is correlated with high cyclin A expression and worse prognosis in breast cancer
but only if cyclin E gene amplification is not present.
Low-molecular weight isoforms
Even though other low-molecular weight isoforms (LMWs) of cyclins exist,
LMWs of cyclin E (LMW-Es) have been studied most extensively and are believed
to have significance in the tumourigenesis of breast cancer (Akli & Keyomarsi,
2003; Caruso, Duong, Carey, Hunt, & Keyomarsi, 2018). Some evidence also
supports a possible link between LMW-Es and development of bladder and
colorectal cancer (Akli et al., 2012; Corin, Larsson, Bergstrom, Gustavsson, &
Derwinger, 2010; Zhou et al., 2011). LMW-Es are characterised by a deletion of
the N-terminus, predominantly generated by neutrophil elastase-mediated
proteolytic cleavage. LMW-Es importantly lack a nuclear localisation sequence
and hyperactivate CDK2 in the cytoplasm through increased complex stability and
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resistance to the CKIs p21 and p27. They may also interact with a set of
tumourigenic cytoplasmic substrates (Caruso et al., 2018).
2.3.10 p27 and Cancer
Low p27 expression has been linked to a number of neoplasms, including colon,
lung, prostate, breast, and esophageal cancer, as well as melanoma. The diminished
expression of p27 is thought to be largely caused by an upregulated protein
degradation rather than genetic or transcriptional changes. Cytoplasmic
accumulation of p27 has also been reported in relation to neoplasms and may affect
the inhibitory potential of p27, since most of its inhibitory effects are thought to
occur in the nucleus (Bencivenga et al., 2017; Chu et al., 2008). Low p27
expression is an independent prognostic factor in colorectal, breast, and ovarian
cancer, and oral SCC (Gao et al., 2013; Guan et al., 2010; Hershko & Shapira,
2006; Lu, Wang, Xu, Xiang, & Chen 2016).
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3

Aims of the Study

The specific aims of the thesis were:
1.
2.
3.
4.
5.

Evaluate whether the expression of cyclin A, B, or E has prognostic
significance in endometrial endometrioid adenocarcinoma.
Evaluate whether the expression of p27 has prognostic significance in
endometrial endometrioid adenocarcinoma.
Further evaluate if a combination of these biomarkers has prognostic
significance in endometrial endometrioid adenocarcinoma.
Evaluate the correlation between the expression of these biomarkers.
Evaluate how the expression of these biomarkers correlates with conventional
clinicopathological prognostic factors.
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4

Materials and Methods

4.1

Patient Population

The patient population consisted of 211 women, all of whom underwent an
extrafascial hysterectomy for endometrial endometrioid adenocarcinoma at the
Department of Obstetrics and Gynaecology of the Oulu University Hospital
between 1992 and 2000. Bilateral salpingo-oophorectomy and pelvic
lymphadenectomy were also performed in most cases. Four patients received
neoadjuvant radiotherapy; two of them also receiving adjuvant radiotherapy along
with 134 others. Cisplatin-based chemotherapy was given as a neoadjuvant therapy
to four patients and as an adjuvant therapy to 45 patients.
The median age of the patients was 64 years (range 37–98) and median BMI
29.7 kg/m2 (range 19.8–49.1). The median follow-up time was 77 months (range
0–136). At the end of the follow-up, 33 out of the 211 patients had died of the
disease and 20 of other causes.
Sufficient information was available to stage the tumours according to the
International Federation of Gynaecology and Obstetrics (FIGO) classification
(2009). FIGO stages were represented as follows: stage I in 140, stage II in 30,
stage III in 36, and stage IV in five patients. Stage Ia group comprised 104 patients,
leaving 36 patients in the stage Ib group.
Formalin-fixed, paraffin-embedded tissue samples were obtained from the
Department of Pathology. There were 112 grade 1, 66 grade 2, and 33 grade 3
tumours. Table seven summarises the number of cases according to cyclin A, B,
and E and p27-stained samples obtained and different clinicopathological variables
(Table 7).
4.2

Immunohistochemical Staining

4.2.1 Cyclin A, B, and E
Representative tumour-containing paraffin blocks were selected and four-m thick
sections were cut from a representative paraffin block. The sections were first
deparaffinised in xylene and rehydrated in a declining ethanol series. The sections
were then incubated in 10 mM citrate buffer (pH 6.0) and boiled in a microwave
oven for 2 min at 850 W and then for 8 min at 350 W to enhance immunoreactivity.
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Endogenous peroxidase activity was eliminated by incubation in 0.1% hydrogen
peroxide in absolute methanol for 10 min. The sections were then incubated with
the respective polyclonal rabbit cyclin antibodies (cyclin A, B, and E; all from
Santa Cruz Biotechnology, Santa Cruz, CA, USA). A biotinylated secondary goat
anti-rabbit (dilution, 1:400 for cyclin A and cyclin B and 1:100 for cyclin E) was
applied followed by the avidin-biotin-peroxidase complex (all from Dakopatts,
Glostrup, Denmark). The colour was developed using 3,3′-diaminobenzidine, and
the sections were lightly counterstained with haematoxylin and mounted with
Eukitt (Kindler, Freiburg, Germany). Replacement of the primary antibody by
phosphate buffered saline at pH 7.2 was used as negative control. Two observers
(Maria Honkavuori-Toivola and Ylermi Soini), blinded to the clinical data,
analysed the tumour sections following the staining process. The cyclin positivity
was evaluated as a percentage of positively stained tumour cells by evaluating the
whole tumour section (Figure 6).
Table 7. Number of cases according to cyclin and p27 samples obtained and
clinicopathological variables.
Clinicopathological variable

Cyclin A

Cyclin B

Cyclin E

p27

I

138

138

138

135

II

30

29

30

29

III

35

36

35

35

IV

5

5

5

5

1

111

109

110

109

2

66

66

66

65

3

31

33

32

30

Stage

Grade

Myometrial invasion
<50%

132

133

132

133

≥50%

76

75

76

71

Cancer-specific death at the end of follow-up
Yes

32

32

33

32

No

176

176

175

172

208

208

208

204

Total

54

Fig. 6. Two examples of cyclin expression in the samples (cyclin A in this case). On the
left, quite a few stained tumour cells; on the right, noticeably more diffuse staining.

4.2.2 p27
Four-μm sections were cut for immunohistochemistry. Slides were deparaffinised in
xylene, followed by a declining ethanol series. The samples were incubated in TrisEDTA (Sigma-Aldrich, St. Louis, MO, USA) (pH 9.0) and boiled in a microwave oven
for 2 min at 850 W and for 15 min in 350 W. Endogenous peroxidase activity was
blocked by using 0.1% hydrogen peroxide in methanol solution (Envision-kit, Dako,
Glostrup, Denmark). The slides were subsequently incubated with a monoclonal mouse
p27 antibody (Leica Biosystems, Newcastle upon Tyne, UK) at a 1:200 dilution for one
hour, followed by a standard avidin-biotin complex protocol using Envision staining
kit (Dako). The sections were counterstained with haematoxylin and mounted with
overslipping film TissueTek (Sakura, Torrance, CA, USA). Instead of an antibody,
phosphate-buffered saline was used as a negative control and known positive
endometrial endometrioid adenocarcinoma samples from prior series were used as
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positive controls. Two observers (Paula Kuvaja and Simi Santala), blinded to the
clinical data, analysed the tumour sections following the staining process. Nuclear and
cytoplasmic expression of p27 were evaluated separately as the percentage of positively
stained nuclei/cytoplasm in the tumour cells by evaluating the whole tumour section.
4.3

Statistical Analyses

All statistical analyses were carried out by using the SPSS for Mac version 21
software. The relationships between the clinicopathological variables and each
cyclin were assessed with the Kruskal-Wallis or Mann-Whitney U tests. Receiver
operator characteristic curve (ROC) was used to determine the accuracy of each
cyclin or p27 as a discriminator between patients with good and poor prognosis
over a range of cut-off points. The Kaplan-Meier analysis was utilised to analyse
cumulative, cancer-specific survival. The differences between the subgroups were
compared by means of a log-rank test. The Cox proportional hazards model was
used in multivariate analysis (backward stepwise Wald) to assess the independency
of the prognostic factors. A p-value >0.1 was used for model exclusion.
4.4

Ethical Aspects

The study had no impact on patient treatment, follow-up, or survival due to the
retrospective study setting. Patient privacy was addressed by coding identifying
information (name and social security number) in the data analysed. Only the
research group has access to decoding information. Due to the high number of
patients, some deceased, an informed consent would have been impossible to
obtain. Therefore, the Finnish National Supervisory Authority for Welfare and
Health granted the permission to use the patient information and tumour sections
in the study. An approval for the study was also obtained from the Ethical
Committee of Northern Ostrobothnia Hospital District.
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5
5.1

Results
Expression of Cyclin A, B, and E, and p27

Out of the 211 samples, only one showed negative staining for cyclin A (I). Cyclin
B was negative in eight samples and cyclin E in 14 samples (II, III). Due to the
limited number of tumour sections, cyclin A, B, and E expression could not be
analysed in three samples (I–IV). The median labelling index (LI) for both cyclin
A and cyclin B was 10% (range 0–70 and 0–100, respectively) and 20% (range 0–
100) for cyclin E (I–III).
The expression of p27 was analysed separately for cytoplasmic and nuclear
staining. Cytoplasmic staining was varied and did not produce significant results.
The median LI of nuclear p27 was 10% (range 0–100). Forty-seven cases showed
negative staining for nuclear p27 and seven were not analysed due to the limited
number of tumour sections (IV).
5.2

Correlation with Grade and Stage

Grade 1 tumours showed a median LI of 7.5% (range 1–50) for cyclin A, 5% (range
0–50) for cyclin B, and 10% (range 0–100) for cyclin E. All the cyclins showed an
increase in the median LI as the grade rose. In grade 2 tumours, cyclin A showed a
median LI of 15% (range 1–50), cyclin B 10% (range 0–100), and cyclin E 25%
(range 0–85). In grade 3 tumours, the same indexes were 30% (range 0–70), 15%
(range 0–70), and 30% (1–100), respectively. For cyclin A and cyclin B, the
differences between the grades were all statistically significant, whereas the same
was only true for the difference between grade 1 and grade 3 for cyclin E (I–III).
The correlation between cyclin expression and stage produced more meagre
results. The median LI of cyclin A was 10% in stage I (range 0–50) and stage II
(range 3–65) tumours increasing to 20% (range 3–65) in stage III tumours.
Interestingly, stage IV tumours had a median LI of only 5% (range 3–30), quite
possibly due to a limited number of tumour samples (5 patients). Statistically
significant differences were shown between stage I and stage III, as well as between
stage II and stage III (I).
We also noted a statistically significant difference (p=0.023) between cyclin A
expression in tumours extending over halfway the myometrium compared to those
under this invasion parameter, despite the fact that the difference was subtle and
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only existed in the skewness of the values (both had a median LI of 10% with a
difference in the range, 0–60 for <50% myometrial invasion and 1–70 for ≥50%
invasion). Furthermore, for stage I tumours limited to the endometrium (former
FIGO 1988 stage Ia), the median LI was 5% (range 1–50). The difference in cyclin
A expression between these tumours and stage I tumours with myometrial invasion
(with a median LI 10% (range 0–50)) was statistically significant (p=0.002) (I).
Statistically significant differences in cyclin B or E or p27 expression were not
found between patients grouped according to myometrial invasion (II–IV).
The median LI for cyclin B was 10% in stage I and stage II tumours (range 0–
50 and 1–50, respectively), 20% (range 1–100) in stage III tumours, and 5% (range
3–10) in stage IV tumours. The difference between stage I and stage III tumours
was statistically significant (II). As for cyclin E, no statistically significant
differences were found (III).
A statistically significant difference in the LI of nuclear p27 was found between
early (FIGO stage I and II) and advanced (FIGO stage III and IV) stage tumours.
The median LI increased from 10% (range 0–100) to 17.5% (range 0–100) between
these two groups (p=0.027). Differences in nuclear p27 expression between the
three grades were not statistically significant (IV).
Table 8. Correlation coefficients between cyclin A, cyclin B, cyclin E, and p27 (IV).
Variable

Cyclin A

Cyclin B

0.691

Cyclin B

Cyclin E

0.351

0.311

p27

0.281

0.191

1

Cyclin E

0.152

p<0.01, 2 p<0.05

5.3

Correlation between Cyclin A, B, and E, and p27

A strong correlation was found between cyclin A and cyclin B and weaker
correlations between other cyclin pairs or p27 (Table 8) (IV).
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Fig. 7. ROC curves for cyclin A, B, and E, and p27. Cyclin A area under the curve (AUC)
0.67 (95% CI: 0.57–0.77), p=0.003; cyclin B AUC 0.63 (95% CI: 0.53–0.74), p=0.018; cyclin
E 0.54 (95% CI: 0.44–0.65), p=0.48; p27 AUC 0.59 (95% CI: 0.49–0.69), p=0.13 (I–IV).

5.4

Survival Analyses

The ROC curve-derived cut-off value for each cyclin was, most likely
coincidentally, 12.5% (Figure 7). Patients were grouped in accordance with the cutoff value into those with high (cyclin LI of >12.5%) or low (cyclin LI of ≤12.5%)
expression of the specific cyclin (I–III). In the patient group with a low cyclin A
expression, the Kaplan-Meier analysis showed a five-year cancer-specific survival
rate of 93%, whereas in the group with a high cyclin A expression, the survival rate
decreased to 76% (I). Similarly, the five-year cancer-specific survival rates for
patients grouped in accordance with cyclin B LI decreased from 90% to 77% and
for those grouped in accordance with cyclin E LI from 90% to 81% (II, III). The
differences were statistically significant (p=0.001, 0.008, and 0.045 at 60 months,
respectively) (Figure 8) (I–III).
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Fig. 8. Cancer-specific survival according to cyclin A (top left, p=0.001 at 60 months),
cyclin B (top right, p=0.008 at 60 months), cyclin E (bottom left, p=0.045 at 60 months),
and nuclear p27 (bottom right, p=0.069 at 60 months) expression. Cyclin A low n=118,
cyclin A high n=90; cyclin B low n=139, cyclin B high n=69; cyclin E low n=93, cyclin E
high n=115; p27 low n=92, p27 high n=112 (I–IV).

The cut-off value for nuclear p27 LI was 7.5%. Patients with a low nuclear p27 LI
of ≤7.5% had a five-year cancer-specific survival rate of 90%, compared to an 81%
survival rate for patients with a high nuclear p27 LI of >7.5%. The p-value for this
difference was 0.069 at 60 months (Figure 8) (IV).
For each cyclin, a similar stepwise regression analysis was performed with the
following factors: cyclin (A, B, or E) expression (high or low), age, FIGO stage,
and tumour grade (I–III). Only cyclin A proved to have independent prognostic
significance in these analyses. In the analysis with cyclin A, the other independent
prognostic factors were stage and grade. Cyclin A hazard ratio was given as 2.3
(Table 9) (I). Although cyclin B and cyclin E did not show independent prognostic
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significance, the p-value for cyclin B was relatively low at 0.091 (hazard ratio 1.9
(95% CI: 0.9–4.1)) (II, III).
Table 9. Independent and significant prognostic factors of cancer-specific death
according to Cox proportional hazard model (I).
Variable

n

Hazard ratio

I

138

1

II

30

2.7 (1.0–7.3)

III

35

3.5 (1.7–8.0)

IV

5

14 (3.7–51)

1

111

1

2

66

2.2 (0.89–5.2)

3

31

3.4 (1.3–9.2)

≤12.5%

118

1

>12.5%

90

2.3 (1.0–5.3)

Stage

p-Value to remove
<0.001

Grade

0.047

Cyclin A LI

0.043

We further analysed the data in an effort to improve the survival model. As cyclin
A proved to have the best prognostic power out of the biomarkers analysed, we
modified this analysis by individually adding cyclin B, cyclin E, or p27 into the
model. None of these biomarkers improved the prognostic power. Interestingly,
however, we found that in a subset of patients with low cyclin B expression, high
expression of cyclin A was a poor prognostic factor, and vice versa. A similar
tendency was found in patients with low cyclin A and cyclin B expression but high
cyclin E expression. This revelation led us to split the patient population into those
with a universally low cyclin expression (cyclin A, cyclin B, and cyclin E LI
≤12.5%) and those with any of the cyclins showing high expression. In a univariate
analysis, the respective five-year cancer-specific survival rates in these two groups
were 98% and 79% (Figure 9). In the Cox proportional multivariate analysis with
stage, grade, and age as other variables, the hazard ratio for the group with any
cyclin showing high expression was impressively high, 5.8 (Table 10) (IV).
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Fig. 9. Cancer-specific survival according to cyclin expression. All low, cyclin A, B, & E
all showing low expression; Any high, cyclin A, B, or E any showing high expression.
p<0.001 at 60 months. All low n=65, any high n=145 (IV).
Table 10. Independent and significant prognostic factors of cancer-specific death
according to Cox proportional hazard model (IV).
Variable

n

Hazard ratio

I

139

1

II

30

2.6 (1.0–6.9)

III

36

3.8 (1.7–8.5)

IV

5

15 (4.0–55)

1

111

1

2

66

2.1 (0.88–5.0)

3

33

3.7 (1.5–9.3)

All ≤12.5%

65

1

Any >12.5%

145

5.8 (1.4–25)

Stage

<0.001

Grade

0.019

Cyclin LIs

62

p-Value to remove

0.018

6

Discussion

Uncontrolled cell proliferation is a key feature of malignant neoplasms, and
understanding the biomolecular processes involved forms an essential part of
cancer study. Since their discovery in the early 1980s, cyclins have garnered
attention as potential prognostic and even tumourigenic factors (Malumbres &
Barbacid, 2009). Numerous cancers show higher than normal cyclin expression,
and different cyclins have prognostic significance in cancers of different origin
(Huang et al., 2012; Monteiro et al., 2018; Musgrove et al., 2011). Targeted drug
therapies inhibiting CDKs have since then shown potential as cancer treatment,
with drugs such as palbociclib having been approved by the United States Food
and Drug Administration for the treatment of hormone receptor (HR) positive,
human epidermal growth factor receptor 2 (HER2) negative advanced or metastatic
breast cancer in combination with an aromatase inhibitor as initial endocrine based
therapy in postmenopausal women (United States Food and Drug Administration,
2017; Peyressatre et al., 2015).
In this thesis, we showed that cyclin A is an independent prognostic factor in
endometrial endometrioid adenocarcinoma. Cyclin B and E also showed prognostic
significance, but only in a univariate analysis. We also showed that when each of
the cyclins had low expression, the prognosis was especially good. This finding
had independent prognostic significance.
6.1

Advantages and Disadvantages

With 211 patients, this thesis provided a more sufficient patient population than
most studies regarding cyclin expression in endometrial cancer. We also
concentrated on endometrial endometrioid adenocarcinoma, by far the most
common histopathological type of endometrial cancer, to avoid unnecessary bias.
All the patients were treated and samples analysed at the Oulu University Hospital
with rigorous devotion to the FIGO staging system and uniform staining and
reporting protocols. Nearly all of the samples showed positive staining for each
cyclin and p27, and negative controls were used to provide reliability. Staining was
analysed by two observers blinded to the clinical data to provide as unbiased an
analysis of the samples as reasonably possible. We were able to acquire sufficiently
long follow-up data to show relapses and deaths from the disease.
Disadvantages of this study include the retrospective study setting. Interpreting
immunohistochemical staining, even with two blinded observers, is also to some
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extent subjective. Furthermore, a small number of patients received neoadjuvant
therapy for their tumours, possibly affecting cyclin and p27 levels in a few samples.
Although interesting, staining protocols which could have differentiated between
full-length and LMW isoforms of cyclin E (and possibly even cyclin A and cyclin
B) were unfortunately out of the scope of this thesis. Some data was also lost due
to limited number of tumour sections, potentially causing bias.
6.2

Cyclin A

Prior to our study, only one study by Shih et al. (2003) had shown that cyclin A is
an independent prognostic factor in endometrial cancer. Our findings provided a
more accurate estimate of the hazard ratio due to our large patient population (211
vs. 82), careful staining and interpretation protocols, and a ROC curve derived cutoff value. As a source of possible bias, they also included other histological
subtypes than endometrioid adenocarcinoma.
In accordance with previous studies, we showed a correlation between cyclin
A expression and tumour grade (Horree, van Diest, van der Groep, Sie-Go, &
Heintz, 2008; Kayaselcuk et al., 2006; Kyushima et al., 2002; Watanabe et al.,
2009). Previous studies have produced mixed results regarding cyclin A expression
and tumour stage, which may be explicatable by limited patient populations
(Horree et al., 2008; Kayaselcuk et al., 2006; Kyushima et al., 2002; Shih et al.,
2003). In our study, we showed a correlation between cyclin A expression and
FIGO stage (stage I vs. III and stage II vs. III). Stage IV tumours were too limited
in numbers to draw reliable conclusions.
Our findings, among others, suggest a link between cyclin A expression and
cell proliferation in endometrial endometrioid adenocarcinoma. Horie et al. (2019)
aimed to elucidate the matter by applying flow cytometry to assess whether cyclin
A can be used as a proliferation marker in two, low- and high-grade, endometrial
cancer cell lines (Ishikawa and HEC-50B, respectively). They found that cyclin A
expression was significantly higher in the logarithmic growth phase than in the
stationary phase of the cell cycle. Furthermore, the high-grade cells showed
significantly higher cyclin A expression in the growth phase than did the low-grade
cells. These findings support our findings and provide evidence that cyclin A could
be used as a proliferation marker in endometrial cancer (Horie et al., 2019).
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6.3

Cyclin B

Studies published prior to our study had not found a significant correlation between
cyclin B expression and prognosis in endometrial cancer. We were able to show
that cyclin B expression correlates with cancer-specific survival in a univariate
analysis. A near statistical significance (p=0.091) was also found in the Cox
proportional hazard model, indicating that cyclin B expression may still hold
independent prognostic significance.
Interestingly, Rijcken et al. (2006) showed that cyclin B expression was higher
in HNPCCC-related than in sporadic endometrial cancers. They also found a
correlation between FIGO stage and cyclin B expression, but only in HNPCCrelated tumours. Others have also failed to show a correlation between stage and
cyclin B expression, in contradiction with our findings (Horree et al., 2008;
Kayaselcuk et al., 2006; Milde-Langosch et al., 2001; Shih et al., 2003). Correlation
with cyclin B and grade has previously produced mixed results (Horree et al., 2008;
Kayaselcuk et al., 2006; Milde-Langosch et al., 2001; Rijcken et al., 2006; Shih et
al., 2003). With our large patient population and adequate staining procedures, we
were able to confirm a correlation between cyclin B expression and grade.
6.4

Cyclin E

To the best of our knowledge, our study was the first study to show a correlation
between cyclin E expression and prognosis in endometrial endometrioid
adenocarcinoma. Previous studies by Ito, Sasano, Yoshida, Sato, & Yajima (1998)
and Shih et al. (2003) had run survival analyses with cyclin E expression in the
disease but failed to find statistically significant differences. In accordance with our
findings, Noske et al. (2017) found that cyclin E expression correlates with overall
prognosis in endometrial cancer, but only in a univariate analysis.
In accordance with previous studies, we showed a correlation between cyclin
E expression and grade, but not with cyclin E expression and stage (Cassia et al.,
2003; Kato et al., 2003; Milde-Langosch et al., 2001; Mitselou et al., 2004). Cyclin
E expression has also been linked to myometrial invasion by Kato et al. (2003),
contradicting our results. In their study, myometrial invasion was defined as <1/3
and ≥1/3 of the myometrium instead of the conventional <1/2 and ≥1/2 as was done
in our study, possibly explaining the difference in results.
CCNE1 gene amplification was one of the characteristics of the copy-number
high group in the genomic characteristics-based classification proposed by the
65

Cancer Genome Atlas Research Network in 2013. The group comprised of serous,
mixed, and high-grade endometrial tumours (Cancer Genome Atlas Research
Network, 2013). Although some studies suggest that CCNE1 amplification may
lead to an increase in cyclin E expression, other factors, such as transcriptional and
translational regulation and posttranslational modifications, may have an effect
(Bondi et al., 2005; Kim et al., 1998; Kuhn, Bahadirli-Talbott, & Shih, 2014;
Musgrove et al., 2011; Noske et al., 2017). Nevertheless, cyclin E expression seems
to be significantly higher in non-endometrioid and high-grade tumours (Noske et
al., 2017).
6.5

p27

Previous studies have failed to find a univocal correlation between p27 expression
and prognosis in endometrial cancer (Dellas, Jundt, Sartorius, Schneider, & Moch,
2009; Masciullo et al., 2003; Nycum et al., 2001; Seeber et al., 2010; Shih et al.,
2003). In a similar fashion, we could only report near-significant findings, which
showed a tendency towards poorer survival in patients with high (nuclear) p27
expression. Previously, Seeber et al. (2010) were able to show that high p27
expression is an independent prognostic factor, but only in a subset of tumours
expressing perinecrotic hypoxia-inducible factor 1 (HIF-1). Somewhat
similarly, Dellas et al. (2009) reported that the combined loss of p27 and PTEN was
linked to a more favourable prognosis in a multivariate analysis. Interestingly, two
large-scale studies by Steinbakk et al. (2009, 2011) showed that low expression of
p27 in curettage samples of early stage (FIGO I–II) tumours correlated with poor
prognosis, although only in a univariate analysis. The dualistic role p27 has in cell
proliferation could play a part in these contradicting findings.
Cytoplasmic mislocalisation of p27 has been suggested to account for its role
in tumourigenesis as mutations of CDKN1B gene are thought to be extremely rare.
Our findings do not support the idea that this mechanism plays a significant role in
endometrial endometrioid adenocarcinoma. In accordance with our findings,
Nycum et al. (2001) did not find a correlation between cytoplasmic p27 and
prognosis or other clinicopathological variables. Other studies have not considered
cytoplasmic staining of p27 separately in endometrial cancer samples.
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6.6

Future Aspects

Current treatment guidelines for endometrial cancer do not incorporate genomic or
immunohistochemical biomarkers for risk stratification. As such, the division of
endometrial cancer types according to comprehensive genomic characteristics
suggested by the Cancer Genome Atlas Research Network is unfeasible due to the
high cost of genomic analyses. Subsequent studies demonstrating the usefulness of
surrogate markers underline the need for more feasible prognostic factors, such as
immunohistochemical biomarkers.
Further large-scale studies are required to assess the effects of cyclins and p27
in endometrial cancer. As discussed in section 6.4 Cyclin E, the gene amplification
of CCNE1 found in the copy-number high group may be associated with cyclin E
overexpression. Whether cyclin E or other cyclins could serve to refine a molecular
categorisation based on the findings of the Cancer Genome Atlas Research
Network remains to be elucidated.
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7

Conclusions

In this thesis, the expression of cyclins A, B, and E, and p27 were analysed in
endometrial endometrioid adenocarcinoma samples. Correlations with
conventional clinicopathological variables and cancer-specific prognostic
significance were evaluated with the following conclusions:
1.

2.
3.
4.
5.

Cyclin A expression seems to be an independent prognostic factor in
endometrial endometrioid adenocarcinoma. Cyclin B and cyclin E seem to
hold prognostic significance but only in a univariate analysis.
p27 does not have prognostic significance in the disease.
A universally low cyclin expression (cyclins A, B, and E all showing low
expression) seems to be a favourable and independent prognostic factor.
Cyclin A and cyclin B expression correlate strongly with each other.
Cyclins A, B, and E correlate with tumour grade, and to a variable degree with
stage.

In conclusion, cyclins could be used as prognostic factors in endometrial
endometrioid adenocarcinoma, but individual analyses of cyclins do not seem to
provide good enough sensitivity and/or specificity to warrant clinical application.
Interestingly, however, a combination of cyclins might do. Further large-scale
studies could confirm whether universally low cyclin expression is indeed a
favourable phenomenon in the disease.
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