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1. THE ENDOMETRIUM 

1.1. ANATOMY AND FUNCTION OF THE UTERUS 

The uterus is a female reproductive sex organ. It is a hollow, thick-walled, muscular organ 

with the shape of an inverted pear. It is located in the pelvic cavity above the vagina, above 

and behind the bladder and in front of the rectum (Figure 1). Although the shape and 

position of the uterus changes dramatically during pregnancy, in its non-pregnant state, it 

measures on average 8 cm long, 5 cm wide and 2.5 cm in diameter 1. The uterus has three 

major regions: the fundus, the curved upper area where the Fallopian tubes connect to the 

uterus – it is the wider part of the organ, of around 5 cm; the body, the enlarged main part 

which lies below the fundus and is separated from the cervix by a slight constriction, the 

isthmus; and the cervix, the inferior cylindrical narrow part of 2-3 cm length that opens into 

the vagina (Figure 1). 

 

Figure 1. Location and anatomical parts of the uterus. 

 

The wall of the uterus is thick and has 3 layers 2 (Figure 1):  

• The perimetrium, the outer serosal layer of the uterus that consists of a thin 

visceral peritoneum.  

• The myometrium, the thicker middle layer (1-2 cm thick) of the uterus composed 

primarily of smooth muscle cells in a framework of arterial and venous blood supply 

supported by an underlying connective tissue. It allows the uterus to expand during 

pregnancy and to contract during childbirth. 

• The endometrium, the inner hormone-responsive mucosal lining of the uterus.  

The functional uterus is an essential organ for reproduction. At ovulation, the wall of an 

ovarian follicle ruptures, releasing a secondary oocyte that passes into the uterine cavity 

through the Fallopian tubes. If fertilization occurs, the blastocyst implants on the endometrial 
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lining. As the embryo develops into a fetus, it triggers changes within the endometrium that 

lead to the formation of the placenta. The placenta acts to provide oxygen and nutrients to 

the fetus, whilst removing carbon dioxide and other waste products 3. At the end of 

pregnancy, the uterus plays a critical role in the process of childbirth. It dilates the cervix and 

contracts the myometrium at term to deliver the fetus, through the vagina, out of the 

mother´s body 4. 

1.2. HISTOLOGY OF THE ENDOMETRIUM 

The endometrium consists of three main constitutive elements: i) a simple columnar 

epithelium of ciliated and secretory cells in the surface; ii) an underlying matrix of cellular 

connective tissue stroma containing a rich supply of blood vessels; and iii) simple tubular 

uterine glands formed by invagination of the epithelium that extend through the entire 

thickness of the stroma (Figure 2). Those epithelial and stromal cells coexist with other 

minor subtypes of cells, such as lymphocytes and other leucocytes, among others 2. Around 

90% of endometrial carcinomas originate from the epithelial glands in the endometrium.  

1.3. PHASES OF THE ENDOMETRIUM 

1.3.1. Functional endometrium 

The functional endometrium has a lifetime equal to the reproductive life of an adult, i.e., from 

the menarche to the menopause. The main characteristic of the endometrium is its perfect 

response to the hormone stimuli from the ovaries 1. This response produces important 

morphologic changes in all the elements of the endometrium during the endometrial cycle, in 

order to prepare itself for receiving a fertilized oocyte 5. If the fertilization does not occur, the 

functional layer of the endometrium is shed and expulsed, leading to menstruation, which 

occurs approximately every 28 days. 

Functionally, the endometrium can be divided into two layers based on their involvement in 

the changes of the menstrual cycle 2.  

• The functional layer is the luminal part of the endometrium. It is the part that 

suffers the cyclic changes, it is shed at the time of menstruation and built up again under the 

stimulation of ovarian steroid hormones. 

• The basal layer is located below the functional layer, adjacent to the myometrium. 

It is highly vascular, it changes little during the menstrual cycle and is not shed during the 

menstruation. It serves to regenerate the functional layer after each menstruation. 
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Figure 2. Endometrial cycle and endometrial histology. E, simple columnar epithelium; S, stroma; 

G, uterine glands. 

 

The functional endometrium goes through four different stages, related to the three phases 

of the endometrial cycle (proliferative, secretory, and menstrual) and to pregnancy. All of 

them have different histological and molecular features (Figure 2). 

1.3.1.1. Proliferative endometrium 

The proliferative endometrium is present during the phase prior to the ovulation period, 

between days 4 and 14 1.  
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Immediately after the menstruation, the thickness of the endometrium is 1-2 mm. The 

proliferative endometrial tissue is characterized by its great capacity to proliferate and 

increase its thickness as a result of estrogen stimulation.  

The proliferative endometrium is composed of rectilinear endometrial glands, which are 

delimited by pseudo-stratified nuclear cells and mitotic components. There is a prominent 

mitotic activity in both the glands and the stroma. The stroma is dense with cells showing a 

reduced cytoplasmic fraction 6,7.  

During these days, the hypothalamus releases gonadotropin-releasing hormone (GnRH), 

which stimulates the anterior pituitary gland to release follicle-stimulating hormone (FSH) 

and luteinizing hormone (LH). FSH stimulates the maturation of a follicle within an ovary. 

Ovulation occurs on day 14 and it is associated with a high release of estrogen and an LH 

surge. 

1.3.1.2. Secretory endometrium 

The secretory endometrium is present just after the ovulation period, between days 15 and 

28. From day 20 to 24 of the cycle, the "window for implantation" occurs, which is the period 

of time when endometrial receptivity for blastocyst implantation is at its highest 1. 

Changes in the endometrium during this phase are oriented to prepare a nutritive soil for the 

blastocyst implantation and are supported by the appearance of progesterone. 

This endometrial tissue is characterized by tortuous endometrial glands that continue 

growing and by the predecidual transformation of stromal cells, which increase their 

cytoplasmic fraction and acquire a cubical morphology. A particular phenomenon of this 

phase is the appearance of subnuclear vacuoles containing glycogen and 

mucopolysaccharides. These vacuoles move to the luminal surface where they are 

secreted. The stroma becomes edematous and spiral arteries appear 6,7. The endometrium 

in this phase can increase its thickness up to 8 mm.  

1.3.1.3. Menstrual endometrium 

This menstrual endometrium is present during the menstrual phase, between days 1 and 4 

of the endometrial cycle 1, and it is formed if the oocyst is not fertilized.  

In the absence of conception, chorionic gonadotrophin (hCG) is not produced. In a first 

phase, the levels of progesterone decrease and a structural detachment of the functional 

layer of the endometrium occurs along with increased leucocyte infiltration, hemorrhage and 

necrosis. In a second phase, and as a consequence of the hormonal stimuli, the 

endometrium begins its regeneration from the basal layer which was not dissociated. 
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1.3.1.4. Endometrium at pregnancy 

This endometrial tissue is only formed if the oocyst has been fertilized and the blastocyst 

has implanted and begun to proliferate within the endometrium. In this case, the 

endometrium increases its hypertrophy and secretions. Endometrial glands are rich in 

glycogen and stromal cells decidualize, becoming bigger, polygonal, with a high fraction of 

cytoplasm 1. 

1.3.2. Atrophic endometrium 

The non-cycling endometrium becomes gradually atrophic after the menopause. Nowadays, 

almost a third of the life of a woman is postmenopausal, and over 80% of endometrial 

carcinomas develop during this period 8.  

In this phase, the endometrium suffers important histological modifications and loses its 

ability to proliferate and secrete. The main reason for these modifications is the privation of 

estrogen and progesterone. The atrophic endometrium is thin (1 to 3 mm thick), with loss of 

distinction between the basal layer and the functional layer. Histologically, it maintains the 

three main constitutive elements but with significant alterations: i) small tubular glands may 

initially retain some proliferative activity, although weak; however, with further decline of 

estrogen secretion they become functionally inactive; ii) glands are widely spaced, lined by 

cuboidal epithelium showing neither secretory nor proliferative activity; iii) the stroma is 

dense and fibrous. With complete absence of ovarian function, the endometrium falls into 

cystic atrophy, ending up as a thin layer full of cystically dilated endometrial glands lined by 

a flattened inactive epithelium 8,9. 

However, estrogen stimulation may continue to some extent, since androgens, which are 

secreted by the menopausal ovaries and adrenal cortices, can be converted into estrogens. 

In fact, the majority of non-cycling endometria are thin and atrophic, but only half of the 

cases are inactive 10. The remaining show a weak proliferative activity, indicative of an 

endometrium that responds to continuous low levels of estrogens unopposed by 

progesterone. Under the influence of prolonged levels of estrogens, the postmenopausal 

endometrium may turn into the so-called disordered proliferative endometrium 6,  or give rise 

to atypical endometrial hyperplasia or endometrial intraepithelial carcinoma 11,12 , from which 

an endometrial carcinoma can develop. 
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2. ENDOMETRIAL LESIONS 

2.1. ENDOMETRIAL HYPERPLASIA 

Endometrial hyperplasia involves the abnormal proliferation of endometrial tissue, especially 

of the endometrial glands, that results in a greater than normal gland-to-stroma ratio. 

Endometrial hyperplasia develops from continuous estrogen stimulation that is unopposed 

by progesterone 1.  

There are two main classifications of endometrial hyperplasias. The most common system, 

used by the World Health Organization (WHO) and the International Society of Gynecologic 

Pathologists since 1994, is based upon two features: the glandular/stromal architectural 

pattern, described as either simple or complex; and the presence or absence of nuclear 

atypia, which is the presence or absence of nuclear enlargement (greater than normal 

nucleus/cytoplasm ratio) 13. Therefore, four groups are described in this classification 

system: simple hyperplasia without atypia, complex hyperplasia without atypia, simple 

atypical hyperplasia and complex atypical hyperplasia. 

Progression to endometrial cancer if untreated occurs in 1% of patients with simple 

hyperplasia without atypia, 3% of patients with complex hyperplasia without atypia, 8% of 

cases with simple hyperplasia with atypia and 29% of cases with complex hyperplasia with 

atypia 14. Furthermore, several studies have also found coexisting carcinomas at rates 

ranging from 17 to 56% of cases 15–17. The difficulty in diagnosing hyperplasia, especially 

atypical hyperplasia, versus adenocarcinoma has been described in many studies 18,19. 

Therefore, a simpler classification of endometrial hyperplasia (benign hyperplasia) versus 

premalignant endometrial intraepithelial neoplasia (EIN) has been proposed to better predict 

progression to cancer 20,21. EIN is a premalignant clonal proliferation of endometrial glands. 

Correct diagnosis requires strict histological criteria, including size, architecture and 

cytology, and the exclusion of cancer, as well as benign conditions that mimic EIN. A 

diagnosis of EIN is associated with a 27% likelihood of having endometrial cancer within one 

year, and a 45-fold increased risk of progression to endometrial carcinoma after one year 21. 

Currently, the WHO classification system remains the most widely used. 

The most common clinical presentation of patients with endometrial hyperplasia is 

abnormal uterine bleeding. These women undergo the same diagnostic process than 

patients suffering from endometrial cancer (see section 3.4.3, page 19). Regarding 

treatment, the presence or absence of nuclear atypia is the most clinically relevant criterion, 

together with the age and wish for future childbearing. Hyperplasia without atypia is treated 

with progestins. More than 98% of women with hyperplasia treated with cyclic progestins 
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experienced regression of the disease in 3-6 months 1. In case of atypical hyperplasia, the 

preferred treatment is hysterectomy. However, women younger than 40 years willing to have 

children receive a prolonged treatment with progestins and are only subjected to 

hysterectomy in case of persistent symptomatology 1. 

2.2. ENDOMETRIAL POLYPS 

Endometrial polyps are formed by the overgrowth of endometrial tissue. The average size of 

these lesions is 0.5-3 cm in diameter, although they can range from a few millimeters to 

larger masses that occupy the entire endometrial cavity. They can be attached to the 

endometrium by a thin stalk or a broad base and there may be one or several polyps 

present. The cause for polyps formation is unknown, but their growth appears to be linked to 

high levels of estrogen. Endometrial polyp prevalence rises with age and/or menopause 22.  

As well as in endometrial hyperplasia and endometrial carcinoma, the most 

common clinical presentation of patients with polyps is abnormal uterine bleeding. The 

diagnostic process is the same followed in case of suspicion of endometrial cancer or 

hyperplasia 1 (see section 3.4.3, page 19). 

The prevalence rate of malignancy in endometrial polyps is around 1% to 5% 22–24. 

Hypertension, obesity, unopposed estrogen therapy, and postmenopausal status in women 

with endometrial polyps are associated with an increased risk of endometrial malignancy 
23,25. The need for treating polyps remains controversial; polyps may only be removed by 

hysteroscopy if they cause symptoms, or if they are suspected to be precancerous or 

cancerous 1. 

 

3. ENDOMETRIAL CANCER 

3.1. EPIDEMIOLOGY 

The cancer-specific incidence and mortality rate differ between the considered "developed" 

(North America, Europe, Australia/New Zealand and Japan) and "developing" regions 

(remaining regions and countries) 26. Endometrial cancer (EC) is the fourth most common 

cancer in women in developed countries, after breast, lung, and colorectal cancer and it is 

the most frequent of the invasive tumors of the female genital tract 1. Recent data from the 

USA estimates that 61,380 new cases of EC will be diagnosed in 2017 (7% of all cancers in 

women) 27 (Figure 3A).   
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Figure 3. Epidemiology of EC. A. Estimated new cases and deaths for the ten leading cancer types in 

women in the United States for 2017. B. Stage distribution at diagnosis of endometrial cancer cases. 

Data from the United States for 2006-2012. C. Five-year survival rates by stage at diagnosis for 

endometrial cancer. Data from the United States for 2006-2012. Adapted from Siegel et al., 2017.  

 

In Europe, EC represented 6.1% of the total number of cancer cases in women in 2012 28. In 

Spain, EC was the third most frequently diagnosed cancer in women (5,121 new cases in 

2012), above lung cancer cases 29. Unfortunately, its incidence is increasing as a 

consequence of the increased life expectancy of the population as well as a greater overall 

prevalence of obesity and metabolic syndromes 30–32. EC mostly affects postmenopausal 

women, with a median age of 63 years 33. However, 14% of cases are diagnosed in 

premenopausal women, 5% of whom are younger than 40 years 34–36. 

Death rates from EC had been stable since 1992, after decreasing an average of 1.5% per 

year from 1975 to 1992 due to the replacement of estrogen stimulation treatments by 

treatments counterbalanced by progesterone. In 2012, EC caused about 23,700 deaths in 

Europe 28 and 1,211 deaths in Spain 29, representing the ninth leading cause of cancer 
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mortality in women. Remarkably, death rates for EC have been increasing in the last years. 

The number of expected deaths in the USA increased from 8,010 in 2012, when EC ranked 

eighth in cancer mortality 37, to 10,920 in 2017, EC representing now the sixth cancer type in 

number of deaths 27 (Figure 3A).  

In spite of this, the mortality rate is not as high as it could be expected being EC the fourth 

most incident cancer in women (only about 18% of cases cause the death of the patient). 

This is mainly due to the good prognosis of the majority of cases. Nowadays, about 70% of 

EC patients are diagnosed at early stages of the disease, i.e., when the tumor is still 

localized within the endometrium, associated with an overall 5-year survival rate of 95%. 

However, still 30% of EC patients are diagnosed at an advanced stage of the disease 

associated with a 5-year survival rate of 69% when myometrial invasion is present and/or 

lymph nodes are affected, and of 17% when the tumor has spread beyond the pelvis 27 

(Figure 3B-C).  

3.2. RISK AND PROTECTIVE FACTORS 

Several epidemiological studies have described different risk and protective factors for EC, 

which are explained in this section and summarized in Table 1.  

3.2.1. Risk factors 

3.2.1.1. Hormonal factors 

The "unopposed oestrogen hypothesis" maintains that the exposure to estrogen that is not 

opposed simultaneously by a progestagen is one of the main risk factors for type I or 

endometrioid ECs (see full description of EC subtypes in section 3.3.1, page 14) 38. This 

exposure increases the mitotic activity of the endometrial cells, causing DNA replication 

errors, mutations, endometrial hyperplasia and EC 1. Different conditions associated to 

unopposed exposure to endogenous and exogenous estrogens are described below: 

• Endogenous estrogens 

Overweight and obesity: Excess body weight, both overweight and obesity, expressed as 

increased body-mass index (BMI), is associated with the risk of several adult cancers, 

including EC 39,40. A study of more than one million women followed for an average of 25 

years reported that overweight and obese women had an overall relative risk of EC of 1.36 

and 2.51 compared with women with normal BMI, respectively 41. Many studies have 

reported an approximately linear increase of EC risk with increasing body mass index in pre- 

and postmenopausal women, with up to 5-fold increase in EC risk for obese women 42–44. 

Additionally, increased BMI is associated with increased mortality in patients with EC, with 
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the highest risk for those with a BMI ≥40 45. In premenopausal women, obesity causes a 

higher number of anovulatory cycles, amenorrhea and irregular menstrual cycles, all 

associated with a deficiency of progesterone production that can favor the development of 

EC. In postmenopausal women, obesity produces an increase of the peripheral production 

of estrogens by the conversion of adrenal precursor to estrogen and estradiol via 

aromatization in adipose tissue 43,46. 

 

Table 1. Risk and protective factors associated with the development of EC. 

 

 

Menstrual and reproductive factors: an elevated risk of EC has been associated with 

earlier menarche age (relative risk of 2.4 for ages < 12 versus ≥15), later age at menopause, 

and longer days of menstrual flow (relative risk of 1.9 for ≥ 7 versus < 4 days) 47,48. Among 

the reproductive factors, the risk of EC is positively correlated with infertility and nulliparity, 

being inversely related to the number of full-term pregnancies  47,49. Factors such as 

anovulation may explain the increased risk of EC found among infertile women 50. For the 

most common disease associated with anovulation, the polycystic ovary syndrome, an 

increased risk of EC has been reported, especially in premenopausal women 51,52. All these 

conditions increase the lifetime exposure to unopposed estrogen. 
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• Exogenous estrogen 

Estrogen replacement therapy prescribed to control menopausal symptoms increases the 

risk of developing EC by 2 to 20-fold, with an increasing risk in cases of prolonged use (10 

years or more). Furthermore, the relative risk remains elevated 5 or more years after 

discontinuation of the unopposed estrogen therapy 53. A sequential estrogen-progestin 

replacement therapy with administration of progesterone at least 10 days a month, or a 

continuous combined therapy, significantly reduces the increased risk of EC 54,55. In addition, 

the lowest dose of estrogens for each patient should be chosen.  

Tamoxifen is a drug indicated for breast cancer prevention and treatment 56. It is an 

antagonist of the estrogen receptor in breast tissue. However, in other tissues such as the 

endometrium, it behaves as an agonist and induces growth of endometrial cells. The 

association between the use of tamoxifen and the risk of developing EC has been widely 

studied. Its use has been associated with a 2 to 8-fold increase in the incidence of the 

disease 57–59. A significant trend of increasing risk of EC has been reported with the duration 

of tamoxifen use, and with cumulative dose 60. The risk in premenopausal women is unclear 
59. 

3.2.1.2. Age 

Another main risk factor for EC is age, since it is a cancer of the postmenopausal period, 

with an average age at diagnosis of approximately 63 years. As described in the 

Epidemiology Section (section 3.1, page 9), only about 5% of cases are diagnosed in 

women younger than 40 years 34–36. Younger women with EC generally have well-

differentiated type I tumors and lower-stage disease than older women. 

3.2.1.3. Hereditary factors 

A hereditary component has also been described with regards to the risk of suffering EC. 

This component represents around 5% of all reported cases. Lynch syndrome, also known 

as hereditary nonpolyposis colorectal cancer syndrome, accounts for the majority of 

inherited cases 61,62. It is an autosomal dominant family cancer syndrome characterized by 

mutations in DNA mismatch repair genes. The lifetime cumulative risk of EC for women with 

Lynch syndrome is 40% to 60%. These patients often develop EC at a younger age. In 

addition, a recent meta-analysis reported a higher risk of developing EC for women with a 

first-degree family history of endometrial or colorectal cancer 63.  
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3.2.2. Protective factors 

On the contrary, the use of combined oral contraceptives 64, grand multiparity 65, cigarette 

smoking 66 and physical activity 67 have been described as protective factors that reduce 

the risk of EC. All these factors are associated with decreased estrogen concentrations 

and/or increased levels of progesterone.  

3.3. EC CLASSIFICATION 

3.3.1. Dualistic model 

In the past decades, EC has been broadly classified into the two subtypes on the basis of 

clinical, pathological and molecular features (Table 2). This classification was proposed by 

Bokhman et al. in 1983 68. 

! Type I or endometrioid adenocarcinoma 

Endometrioid adenocarcinoma (EEC) is the most common subtype, accounting for 75-80% 

of cases. It is a estrogen-dependent, diploid adenocarcinoma with endometrioid histology 69. 

EECs, at least in well-differentiated forms, are composed of glands that resemble those of a 

normal endometrium. EECs are usually developed in perimenopausal women and can be 

associated with or preceded by endometrial hyperplasia 70. These tumors are normally 

diagnosed at an early stage and low grade, and have a good prognosis. The overall 5-year 

survival rate of this subtype is around 85% 69. 

Regarding molecular alterations, type I ECs are characterized by a high mutational 

frequency and microsatellite instability 71. The most frequently altered pathway is the PI3K 

pathway. Mutations are noted in more than 90% of lesions, sometimes with multiple 

aberrations in this pathway, such as simultaneous loss of PTEN and PIK3CA mutations 72. 

The frequency of mutations in the beta-catenin gene is around 20-25% and is almost 

restricted to EEC cases 73,74. In addition, KRAS and FGFR2 mutations have been reported 

in about 20% and 12% of tumors, respectively 74,75. 

! Type II or non-endometrioid adenocarcinomas  

Non-endometrioid adenocarcinomas (NEECs) represent 10 to 15% of cases (Table 2). 

These tumors are high-grade, aneuploid adenocarcinomas not related to estrogen 

stimulation. In fact, they express neither estrogen nor progesterone receptors. They include 

a range of histological subtypes, being serous and clear cell EC the most common 69. They 

usually develop in older women than those with type I EC and characteristically arise from 
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precancerous lesions (endometrial intraepithelial carcinoma) in atrophic endometrium. 

These tumors are associated with a higher risk of metastasis and poor prognosis. The 

overall 5-year survival rate of this subtype is around 55% 69. They account for more than 

50% of recurrences and deaths from EC 76.  

 

Table 2. EC dualistic classification. Adapted from Morice et al. 2016 69. 

 

 

NEECs are characterized by chromosomal instability and TP53 mutation 77. However, each 

histological subtype shows specific molecular features. Regarding serous carcinomas, 

mutations in the TP53 gene occur in up to 90% of cases 78. In addition, the reported rates of 

HER2/neu (ErbB2) overexpression range between 14% and 80%, with HER2 amplification 

ranging from 21% to 47% 79. The PI3K pathway is also frequently dysregulated; however, 

these tumors are mainly characterized by amplifications in PIK3CA (45% of cases) or 

mutations in this gene (35%). On the other hand, the most common molecular features in 
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the tumors with clear cell histology are the loss of PTEN, reported in about 80% of cases, 

and inactivating mutations in the ARID1A gene in 20-40% of tumors 80,81. 

Although this dualistic classification continues to be the most widely used in the clinical 

practice, its prognostic value remains limited. Around 20% of EEC cases relapse, whereas 

50% of NEEC do not 68. Moreover, 15-20% of EEC are high-grade tumors and where they fit 

in this model is unclear 82,83. EC comprises a high variety of biological, pathological and 

molecular features impossible to simplify in a dualistic model 84.  

3.3.2. Molecular classification (TCGA) 

The Cancer Genome Atlas (TCGA) performed an integrated genomic, transcriptomic and 

proteomic characterization of endometrioid and serous adenocarcinomas to search for a 

more accurate classification, particularly of more aggressive tumors. A new classification of 

EC into four prognostically significant subgroups was suggested: POLE ultramutated, 

microsatellite instability hypermutated, copy-number-low (microsatellite stable), and copy-

number-high (serous-like) EC (Table 3) 85. 

! POLE ultramutated 

This is a newly identified small subgroup that defines a unique subset of EC cases that 

represents about 10% of EECs. They are characterized by hotspot mutations in the 

exonuclease domain of the DNA polymerase epsilon catalytic subunit (POLE), ultrahigh 

somatic mutations rates, few somatic copy number alterations (SCNAs) and excellent 

prognosis. Among the POLE ultramutated carcinomas, 60% are high grade EEC, and 35% 

present TP53 mutations 86.  

! Microsatellite instability hypermutated 

This subgroup has a mutation frequency about ten-fold greater than the microsatellite stable 

subgroup. They are characterized by the loss of DNA mismatch repair proteins, such as 

MLH1, MSH2, MSH6, and PMS2, that occurs in 30-40% of EEC cases. In sporadic cases, 

this is due to MLH1 promoter hypermethylation, while in hereditary Lynch syndrome it can 

be caused by mutations in any of the DNA mismatch repair genes 87. This subset presents 

an intermediate outcome. 
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Table 3. TCGA classification of EC. MSS, microsatellite stable; MSI, microsatellite instability. Adapted 

from Morice et al. 2016 69.  

 

 

! Copy-number-low (microsatellite stable) 

This subgroup is characterized by low mutation rates, but an unusually high frequency of 

CTNNB1 mutations (52%), few SCNAs, and an intermediate prognosis.  

! Copy-number-high (serous-like) 

This subgroup includes most serous ECs and 25% of the tumors classified as high grade 

EEC which have a molecular phenotype similar to serous carcinomas. They are 

characterized by genomic instability, extensive SCNAs and a poor prognosis. Mutations in 

the TP53 gene occur in more than 90% of the cases 85. 

This molecular characterization demonstrates that tumors classified as high grade EEC by 

pathologists are heterogeneous: 25% of them have a molecular phenotype similar to serous 
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carcinomas, with frequent TP53 mutations, high rate of SCNAs and poor prognosis; while 

other 25% are ultramutated POLE cancers with good prognosis. Therefore, it has been 

suggested that clinicians should consider the incorporation of these molecular features to 

improve management of these patients 69. Several recent studies have developed surrogate 

assays that could replicate the TCGA classification in a simple, lower-cost way to enable its 

application in the clinical routine. These assays are based on a set of mismatch repair 

proteins and p53 immunohistochemistry and POLE mutational analysis performed on 

formalin-fixed paraffin-embedded samples 88,89.  

3.4. EC DIAGNOSIS 

3.4.1. Screening test 

To date, there is not enough evidence to support routine screening for EC in the general 

population 33. The only way of favoring the early detection of this cancer is to seek attention 

and report to the doctors the presence of any signs and symptoms which are indicative of  

EC, mainly any vaginal bleeding in postmenopausal women 90. The Papanicolau smear is a 

screening test for cervical cancer and it is the only recommended periodic screening for all 

women. However, only 30-50% of EC patients will present malignant cells in their annual 

Papanicolau smear 91,92.  

Patients with Lynch Syndrome have up to a 60% risk of developing EC. Therefore, in this 

specific subgroup of patients, an annual histological examination of an endometrial biopsy 

and a transvaginal ultrasonography may be recommended for women older than 35 years 
62,93. Moreover, hysterectomy may be considered as a prophylactic measure once 

childbearing is complete 33,94.  

3.4.2. Signs and symptomatology 

The most common symptom of EC is abnormal uterine bleeding, which is present in 90% of 

the patients 69. Although other benign disorders generate this symptom (Table 4) 95, uterine 

bleeding in postmenopausal women is a reason for EC suspicion and hence, these women 

must enter the diagnostic process. The probability of EC in women presenting with 

postmenopausal bleeding is 8-15% 13,95,96, but the chances increase with age and other risk 

factors 76. In premenopausal patients, especially after age 35, menorrhagia or intermenstrual 

bleeding might indicate the presence of an EC 97.  

Other frequent symptoms are lower abdominal pain or pelvic cramping, and a thick, whitish 

or yellowish vaginal discharge (leucorrhoea) mixed with blood, sometimes with purulent 

content. Changes in bowel or bladder functions, anemia, weight loss and shortness of 



Endometrial cancer 

 

19 
 

In
tr

o
d

u
ct

io
n 

breath are other signs and symptoms of EC that would suggest a more advanced disease 

but are totally unspecific 1,2.  

 

Table 4. Histopathological findings in postmenopausal women with uterine bleeding. 

 
 

3.4.3. Diagnostic procedure 

Any woman with suspicion of EC due to abnormal uterine bleeding and/or any other 

symptom related to EC, particularly if they have risk factors for this disease, should undergo 

a thorough diagnostic evaluation (Figure 4). 

The first steps in the current diagnostic process are a gynecological examination and 

transvaginal ultrasound, followed by the histopathological examination of an endometrial 

biopsy.  

3.4.3.1. Gynecological examination 

The gynecological examination is performed to localize the source of bleeding and 

determine its physical extent 98. The results are frequently normal, especially in the early 

stages of the disease. Changes in the size, shape, or consistency of the uterus and/or its 

surroundings may exist at advanced stages.  

3.4.3.2. Transvaginal ultrasonography 

Transvaginal ultrasonography is the imaging technique of choice for the assessment of the 

endometrium in symptomatic patients, although its routine use as a screening method in 

asymptomatic postmenopausal women is not justified 99. The endometrial thickness, the 

presence of an endometrial mass, and/or an endometrial stripe abnormality can be 

evaluated by this technique. 
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Figure 4. EC diagnostic evaluation. D&C, dilatation and curettage. Adapted from Oncoguia SEGO 

2016 97. 

 

The vast majority of studies have focused on the evaluation of the accuracy of transvaginal 

ultrasonography in detecting EC in postmenopausal women with vaginal bleeding, trying to 

determine the best cut-off of endometrial thickness 100–103.  This technique is very sensitive 

but has very limited specificity as other benign causes, such as polyps or hyperplasia, can 

cause the thickening of the endometrium. A review from 13 published studies including 

approximately 2900 patients demonstrated that an endometrial thickness cut-off of 5 mm on 

ultrasonography resulted in a sensitivity of 90% and a specificity of 54%, compared to a 

higher sensitivity of 98% but lower specificity of 35% if the cut-off was reduced to 3 mm 101. 

It is up to the clinicians to decide the threshold to achieve the most optimal cost-

effectiveness. Nowadays, according to the Spanish Society of Gynecology and Obstetrics 
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(SEGO) guidelines, an endometrial thickness exceeding 3 mm in postmenopausal women 

with vaginal bleeding is considered suspect and must undergo an endometrial biopsy 97.  

The use of transvaginal ultrasonography, while useful in type I EC, is limited in type II EC. A 

thin or indistinct thickness of the endometrium has been reported in 27.5% of NEEC cases 
104. In addition, no reliable cut-off has been established in postmenopausal women receiving 

tamoxifen or hormone replacement therapy, as well as in pre- or perimenopausal women 98. 

In premenopausal women, the thickness of the endometrium varies during the menstrual 

cycle, but a thickness exceeding 8 mm usually suggests the need for an endometrial biopsy 
105.  Endometrial stripe abnormality is considered to be more useful than endometrial 

thickness in the recommendation of endometrial biopsy even in asymptomatic pre- and 

perimenopausal women 106. 

Therefore, in cases of EC suspicion due to a positive result in the ultrasonography or when it 

is negative but the symptomatology persists and there are risk factors, patients must 

undergo an endometrial biopsy to achieve a final diagnosis (Figure 4) 76,97.  

3.4.3.3. Pathological examination of an endometrial biopsy 

The pathological examination of an endometrial biopsy is the gold standard for EC 

diagnosis. This procedure allows the clinician to take a small sample of the endometrium to 

be microscopically examined by the pathologist for abnormal cells. In the past, these 

endometrial biopsies were mainly collected by a procedure called "dilatation and curettage" 

(D&C). Nowadays, it has been replaced in most places by endometrial biopsies obtained by 

aspiration or guided by hysteroscopy (Figure 5) 69,70. 

! Endometrial biopsy by aspiration 

Biopsies can be performed blindly, by aspiration, with a soft, straw-like device that suctions 

a small sample from inside the uterine cavity. This biopsy, named uterine aspirate or pipelle 

biopsy, is a liquid sample containing cells coming from the endometrium. The current 

diagnostic procedure relies on the cytological determination of malignant cells in this biopsy. 

This procedure is considered as the first method of choice to get an endometrial biopsy, as it 

is a fast, cost-effective and safe procedure that is well tolerated by patients 69,97,107. It does 

not require any previous tests for coagulation factors, and it can be performed as an office 

procedure without anesthesia (Figure 5). 
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Figure 5. Procedures and features of the different methodologies used for the collection of an 

endometrial biopsy. 

 

A meta-analysis of 39 studies that included 7914 women who underwent endometrial 

sampling by aspiration using various devices revealed that the disposable Pipelle®, also 

known as Cornier Pipelle®, was the best technique for both pre- and postmenopausal 

women. Pipelle biopsy achieved sensitivity values ranging from 68% to 98%, and 

specificity ranging from 96% to 100% for the detection of EC when using final hysterectomy 

as the reference strategy 108. Similar results were reported in a systematic quantitative 

review of 11 primary studies 109, where the authors concluded that, when adequate 

specimens are obtained, these pipelle biopsies have a high overall accuracy in diagnosing 

EC, performing better in symptomatic (bleeding) and postmenopausal women. However, 

although a positive test result is highly accurate, a negative test result is of limited accuracy 
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due to the moderate sensitivity reported in some studies. Therefore, if the pipelle biopsy of a 

patient is normal but the woman is at high risk for EC and/or her symptoms persist, further 

evaluation is warranted for excluding disease (Figure 4) 109.  

In addition, failure to get samples that are adequate for histological examination is one of 

the main problems associated with pipelle sampling, particularly in postmenopausal women. 

This failure can be due to the impossibility of obtaining the sample (e.g., cervical stenosis.) 

or due to histologically inadequate samples (insufficient cells in the sample for adequate 

diagnostic assessment). In a systematic review, Clark et al. reported an average failure rate 

of 8% in obtaining samples using a Pipelle device, while 13% of the samples obtained were 

histologically inadequate. This was increased in postmenopausal women up to an average 

of 12% and 22%, respectively 109. Several studies have reported higher ratios of up to 47-

64% of inadequate pipelle specimens in postmenopausal women 110,111.  

Women that do not receive a definitive diagnosis with the endometrial sampling by 

aspiration due to an inadequate sampling or an inconclusive result must undergo a biopsy 

guided by hysteroscopy. 

! Endometrial biopsy guided by hysteroscopy 

The basic hysteroscope is a thin, lighted tube with a camera usually attached to its proximal 

end. It is inserted into the uterus through the vagina and transmits the image of the uterus 

onto a screen. Carbon dioxide gas or a fluid, such as sodium chloride solution, can be 

pumped through the hysteroscope to distend the endometrial cavity, enabling visualization 

and operation. Surgical instruments such as biopsy forceps can be passed through the 

hysteroscope in order to perform directed endometrial biopsies that are histologically 

examined (Figure 5).  

A systematic quantitative review of a total of 56 primary studies published between 1984 

and 2001, and a more recent meta-analysis including studies published until 2011 evaluated 

the performance of hysteroscopy for EC diagnosis and reported an overall specificity 

higher than 99% and an overall sensitivity of 82.6-86.4% 112,113. These studies underline a 

higher variation in sensitivity, with reported values down to 63-65% in some studies 114,115.  

Importantly, the failure rate of this methodology is only about 4% 112,116. Failed 

hysteroscopies can result from anatomic factors (e.g., cervical stenosis), patient factors 

(e.g., pain, intolerance) or inadequate visualization (e.g., obscured by bleeding). 

This procedure is more invasive than endometrial biopsies performed by aspiration. It 

requires previous blood testing and might require anesthesia and a hospital setting. Some 

authors have also discussed that the hysteroscopy examination before surgery may 

increase the risk of dissemination of cancer cells into the peritoneal cavity 117. However, 
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there is currently no evidence to support that these patients face worse prognosis than 

patients diagnosed by other procedures 118.  

In conclusion, pipelle biopsies should be the first option and hysteroscopy should be 

performed only when diagnosis based on the pipelle sampling is not feasible or is uncertain 
69,107. 

3.5. PROGNOSTIC FACTORS 

A prognostic factor is a situation, condition, or a characteristic of a patient, that can be used 

to estimate the likely outcome of an illness (i.e., chance of recovery from a disease or the 

chance of the disease recurring). 

The prognosis of EC depends on several factors, mainly on the FIGO stage, differentiation 

grade, histological type, lymphovascular space invasion, tumor size and age. 

3.5.1. FIGO stage 

The 2009 International Federation of Gynecology and Obstetrics (FIGO) staging is the most 

widely used classification. It takes into account the extent of the tumor, and whether the 

cancer has spread to lymph nodes or distant sites. This staging system classifies EC cases 

into four stages 119, which are described and pictured in Figure 6. Overall 5-year survival 

rates significantly decrease in the higher stages 120.   

3.5.2. Differentiation grade 

While all NEECs are considered high grade by definition, EEC cases present different 

histological grades (Figure 7). The most widely used system for grading is the FIGO system, 

which is primarily based on the architectural grade of the tumor, and secondarily modified 

based on the nuclear grade.  

• The architectural grade is based on three grades according to the proportion of 

solid areas of tumor cells (Table 5) 97,121. 

• The nuclear grade is based on the presence of significant nuclear atypia. This is 

characterized by large, pleomorphic nuclei, irregular chromatin clumping, large irregular 

nucleoli, and loss of cellular polarity. The tumor is upgraded from grade 1 to 2, or from grade 

2 to 3 in cases showing striking nuclear atypia 76,122. Nuclear grading takes precedence over 

architectural grading in mixed types, which are considered grade 3 in cases where ≥ 10% is 

serous, clear cell or undifferentiated histology.  
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Figure 6. FIGO staging of EC. Adapted from Pecorelli et al. 2009 119 and Lewin et al. 2010 120. Image 

adapted from http://teachmeobgyn.com/.  

 

However, FIGO grading of EEC tumors requires evaluation of histological features that can 

be difficult to assess and reproduce. Reported interobserver agreement varies between 63% 

and 81% 123, being the reproducibility associated with the identification of grade 2 tumors 

particularly low. Moreover, the outcome of patients with grade 1 and 2 has been reported to 

be very similar (overall 5-year survival rates of 97% and 94% respectively), while grade 3 

tumors are associated with a lower 5-year survival rate of 76% 123. Consequently, several 
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studies have suggested several modifications and the conversion of this 3-tiered grading 

system into a binary system 124,125. Grade 3 versus combined grades 1 and 2 still proves to 

be of independent prognostic significance 123,126 with higher reproducibility 126,127.  

 

Table 5. FIGO histological grades. Adapted from Oncoguía SEGO 2016 97. 

 
 

3.5.3. Histological type  

ECs should be typed according to the 2014 WHO classification 128, since the diverse 

histological types present a very different overall prognosis. 

The type I or EEC adenocarcinoma is characterized by the endometrioid histology, a gland-

forming growth pattern of varying differentiation grade (Figure 7) 129. Several subtypes or 

variants have been described by the WHO: adenocarcinoma with squamous differentiation 

(the most common variant), villoglandular carcinoma, and secretory carcinoma. Mucinous 

adenocarcinomas can be also included as type I. 

The most frequent NEEC carcinomas are serous and clear cell carcinomas 130 (Figure 7). 

These histological types are highly invasive and aggressive, associated with a poor 

prognosis. Other subtypes are the neuroendocrine tumors, the undifferentiated 

carcinomas and the dedifferentiated carcinomas. Mixed adenocarcinomas are also 

common. These are a mixture of two or more different histological types. At least one of the 

subtypes must be a type II tumor and the minor type must account for at least 5% of the total 

tumor volume. Mixed adenocarcinomas with a type II tumor fraction of 25% or more have a 

poor prognosis. In addition, carcinosarcomas (also called malignant mixed Müllerian 

tumors) are mixed epithelial and mesenchymal tumors and they are treated in the same way 

as aggressive type II carcinomas 128. 

3.5.4. Others 

Other independent prognostic factors, related to the tumor spread and reflected in the FIGO 

staging, are myometrial invasion, cervical invasion, and lymph node metastasis. Deep 

myometrial invasion is associated with increased lymphovascular invasion, lymph node 

affectation and a decrease in the 5-year survival 131. In addition, patients without lymph node 
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metastasis have a 5 year disease-free survival of 90%, that goes down to 60-70% in 

patients with pelvic lymph node metastasis and to 30-40% in those with para-aortic lymph 

node metastasis 69,132. Another important prognostic factor is the lymphovascular space 

invasion. The presence of tumor cells within vascular spaces is considered an early step in 

the metastatic process even for patients with tumors that seem to be confined to the uterus, 

and a strong predictor of nodal metastasis, recurrence and cancer-specific death 133,134.  

In addition, the age of the patient at the time of diagnosis is one the most widely reported 

prognostic factors 135. Advanced age negatively affects survival in EC. Younger women tend 

to have better-differentiated lesions, while NEEC with worse prognosis typically affects older 

women.  

 

 

Figure 7. Histology of three common types of epithelial EC. Adapted from Murali et al. 2014 84.   

 

3.5.5. Risk stratification systems  

Risk stratification systems combine prognostic factors to define groups of patients with 

similar outcomes (low, intermediate, or high-risk of recurrence). These stratification systems 

are used worldwide to determine the most appropriate treatment for each group. Although 

the core variables of the different risk stratification systems are very similar, the combination 

of these variables changes. Results of a study comparing the five major risk stratification 
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systems suggested that the European Society for Medical Oncology (ESMO) modified 

system was the most accurate in the prediction of lymph node status and survival 136. In 

2016, a consensus between ESMO, the European Society for Radiotherapy & Oncology 

(ESTRO) and the European Society of Gynaecological Oncology (ESGO) introduced a few 

changes in this classification 33, which is detailed in Table 6. However, none of these 

systems show high accuracy in stratifying the risk of recurrence or nodal metastasis, 

particularly in patients with early-stage EC. It has been suggested that the incorporation of 

molecular and genetic characteristics would be useful to improve the accuracy of these risk 

stratification systems 84. According to the TCGA classification (described in section 3.3.2, 

page 16), EC cases showing POLE mutations have an excellent prognosis, and patients 

could be spared unnecessary adjuvant treatment. Other novel candidate prognostic 

markers, such as stathmin or L1 cell adhesion molecule (L1CAM) have been identified. 

Stathmin has been described as a predictive biomarker for resistance to paclitaxel 137. 

L1CAM has been reported to be a strong predictor of poor outcome in early-stage and 

advanced-stage EECs, but not NEECs, in several large multicenter studies 138,139. L1CAM 

expression in EECs cancers indicates the need for adjuvant treatment.  

3.6. PREOPERATIVE RISK ASSESSMENT AND PRIMARY 

TREATMENT 

3.6.1. Preoperative risk assessment 

The role of preoperative risk assessment is to classify patients into those groups of risk for 

lymphatic dissemination and disease recurrence in an early step of the diagnostic process in 

order to define the most optimal surgical management.   

Currently, the extent of the surgical staging procedure is guided by the assessment of tumor 

grade and histological subtype based on the pathological examination of the preoperative 

endometrial biopsies, and the evaluation of myometrial and cervical invasion and lymph 

node metastasis based on imaging techniques (Figure 8).  

3.6.1.1. Preoperative endometrial biopsies 

As most information is not available preoperatively, histological subtype and grade become 

key factors for risk group assignment 140. Biopsies obtained by aspiration and/or guided by 

hysteroscopy are not only used to discriminate between EC and non-EC cases but also to 

assess the tumor grade and histological subtype of the EC cases. However, high 

discordance rates have been reported on this matter. Regarding EEC tumors, different 

studies have reported that about 22% to 40% of tumors classified as grade 1 on the 
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preoperative biopsy were upgraded on the final surgical pathology, as were 26% to 56% of 

grade 2 tumors. In addition, 8% to 60% of tumors preoperatively defined as grade 3 were 

found to be downgraded on the final surgical evaluation and/or classified as NEEC in 

several studies 140–144. Regarding high-risk NEEC histologies, some studies have reported a 

high concordance between preoperative and postoperative pathological interpretations (93% 

of the cases) 140. However, other studies found good correlation for carcinosarcomas (90%), 

but worse for serous and clear cell carcinomas (67%) 145. These discordances may be 

partially explained by interobserver variability 146 and the small volume of tissue available for 

examination in a preoperative biopsy. According to this, hysteroscopy and D&C show a 

higher accuracy in predicting final post-hysterectomy tumor grade than pipelle biopsy 147,148. 

 

Table 6. Risk stratification system. FIGO 2009 staging is used. G, grade; LVSI, lymphovascular 

space invasion. Adapted from Colombo et al. 2016 33 

 

 

Molecular classifications such as the TCGA classification have demonstrated higher 

prognostic accuracy than the histomorphologic classification. Importantly, several studies 

have proved a high concordance between molecular alterations in preoperative endometrial 
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biopsies and the hysterectomy specimens 149,150 but have not yet been implemented in the 

routine clinical risk assessment procedure.  

3.6.1.2. Magnetic resonance imaging (MRI) 

Contrast-enhanced MRI has long been the preferred imaging technique for preoperative risk 

assessment, particularly for myometrial invasion assessment 69,151,152. The major limitation of 

imaging techniques is the poor detection of lymph node metastases 153. A recent meta-

analysis including 52 studies examining MRI in the assessment of high-risk features of EC 

found pooled sensitivity (specificity) of 80.7% (88.5%) for ≥50% myometrial invasion, 57% 

(94.8%) for cervical invasion, and 43.5% (95.9%) for lymph node metastasis 154. Considering 

the limited sensitivity of MRI, the authors concluded that patients with negative findings on 

MRI may not safely abstain from surgical staging. Furthermore, this technology is costly and 

requires an experienced radiologist to provide accurate interpretation. Some studies suggest 

that transvaginal ultrasonography has similar accuracy to that of MRI for assessment of 

myometrial and cervical invasion. This technology is less costly than MRI but cannot be 

used to determine lymph node metastases 155. If MRI is not available, computed tomography 

can be also used to assess extrauterine disease. 

Various studies have underlined the high accuracy of 18F-fluorodeoxyglucose Positron 

Emission Tomography/Computed Tomography in detection of myometrial and cervical 

invasion and lymph node metastasis. However, its use in preoperative risk assessment of 

EC remains questionable 156,157. 

3.6.2. Primary treatment  

The most efficient treatment for EC is surgery. Total hysterectomy (removal of the uterus) 

and bilateral adnexectomy (removal of both Fallopian tubes and ovaries) is the standard 

treatment for apparent stage I EC 33,97 (Figure 8). Alternatives to hysterectomy for women 

who wish future childbearing have been comprehensively reviewed 158. Hysterectomy and 

adnexectomy were traditionally done with open abdominal surgery (laparotomy). However, 

laparoscopy is currently the preferred surgical approach, as this technique provide the same 

clinical outcomes than laparotomy with shorter hospital stays and fewer postoperative 

complications 159,160. Robotic-assisted laparoscopic surgery appears to facilitate the surgical 

approach and can be used if available 161.  

The necessity of performing a lymphadenectomy (surgical removal of one or more groups of 

lymph nodes) for the assessment of lymphatic dissemination has been a focus of debate 162, 

and the decision of the extent of lymphadenectomy varies tremendously between surgeons. 

Several randomized trials showed no evidence of benefit in terms of overall or recurrence-
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free survival for pelvic lymphadenectomy when the tumor is in its early stages 163,164. 

Additionally, it can be associated with long-term morbidity such as lymphedema 165. 

Therefore, lymphadenectomy should only be performed in cases of advanced stages of 

disease or early stages in patients with bad prognostic features and/or risk factors. Following 

this criteria, patients with grade 1 or 2 EEC with less than 50% myometrium invasion are 

excluded from lymphadenectomy 33,97. Sentinel lymph node assessment may help to 

determine which early-stage EC patients will benefit from lymphadenectomy and could 

provide important data to tailor adjuvant therapy 166,167. 

 

 

Figure 8. Treatment of endometrioid EC. G, grade; RF, risk factors; BT, brachytherapy; RT, 

radiotheraphy; CH, chemotherapy. Adapted from Oncoguía SEGO 2016 97. 
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A complete staging should be performed in patients diagnosed with NEECs, since these 

tumors present high risk of extrauterine dissemination even when they are found in their 

initial stages. This includes hysterectomy with bilateral adnexectomy, pelvic and para-aortic 

lymphadenectomy, omentectomy, and peritoneal biopsies 33,97 (Figure 9). 

3.7. HISTOPATHOLOGICAL STAGING AND ADJUVANT 

TREATMENT 

3.7.1. Histopathological staging 

The final EC staging is only obtained with the pathological examination of the surgically 

resected tissue. The selection of the most optimal adjuvant treatment is based on the risk of 

recurrence established by the risk stratification systems described in section 3.5.5 (page 27) 

and Table 6. It is accepted that the ≈55% of EC patients that are diagnosed with FIGO grade 

1 or 2 EEC, myometrial infiltration <50%, and no lymphovascular invasion (low risk group) 

will not benefit from any adjuvant postsurgical therapies 33, since they present an overall 5-

year survival rate of 96% 69. For all other patients, some form of adjuvant treatment has 

been considered based on the evidence from several large studies  (Figures 8 and 9).  

3.7.2. Adjuvant treatment 

3.7.2.1. Radiotherapy 

Radiotherapy can be delivered externally to the pelvis, internally (vaginal brachytherapy), or 

using a combination of both. Brachytherapy is a form of radiotherapy where a radiation 

source is placed inside or next to the area requiring treatment, giving a high radiation dose 

to the tumor while reducing the radiation exposure in the surrounding healthy tissues. 

Therefore, it should be the adjuvant treatment of choice over whole pelvic radiation therapy 

in patients with early stage EC 168. 

Nowadays, radiotherapy is mainly indicated for patients with EEC carcinomas having tumors 

that present a high differentiation grade or that have infiltrated the myometrium 169,170. It is 

also prescribed to patients who cannot undergo surgery as primary treatment. 

In patients with NEEC, radiotherapy is recommended as a combined, post-chemotherapy 

treatment in the cases described in Figure 9 97. 
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Figure 9. Treatment of non-endometrioid EC. BT, brachytherapy; RT, radiotheraphy; CH, 

chemotherapy. Adapted from Oncoguía SEGO 2016 97. 

 

3.7.2.2. Chemotherapy 

Unlike radiotherapy, brachytherapy and surgery, which are localized treatments, 

chemotherapy is a systemic treatment. The administration is intravenous and drugs travel 

throughout the entire body in order to control tumor dissemination, but also increasing the 

side effects. It is often delivered in combinations and in cycles. 

According to the SEGO guidelines, sequential treatment with chemotherapy after 

radiotherapy can be considered in advanced stages of EEC cases with an increased risk of 

recurrence (stage IB grade 3, II grade 3 and/or any stage IIIA and IIIB) 171. Only in stages 

IIIC and IV, after complete surgery, chemotherapy is recommended as primary treatment 172. 

The use of subsequent radiotherapy should be evaluated. The standard pharmacological 

regimen for EEC tumors consists of 4 to 6 cycles of carboplatin AUC 5 and paclitaxel 

(175mg/m2) every 21 days 97. 

In NEEC cases, chemotherapy is the adjuvant treatment of choice, since these tumors 

present a high risk of local and distant recurrence. Only in cases at the IA stage without 

myometrial infiltration, other adjuvant treatment can be considered. The standard 

pharmacological regimen for NEEC cases consists of 4 to 6 cycles of carboplatin AUC 5 and 

paclitaxel (175mg/m2) every 21 days followed by radiotherapy with or without brachytherapy 
97. 
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3.7.2.3. Hormone therapy 

The knowledge that the development of EC is associated with excess estrogen stimulation 

has resulted in the use of progestational agents such as medroxyprogesterone acetate, 

hydroxyprogesterone caproate, and megestrol acetate in the treatment of EC 
173,174. Progestational agents are an option for primary treatment only for inoperable patients 

or for patients who do not want to undergo surgical treatment. They can also be used as 

therapy for advanced or recurrent tumors that express progesterone receptors and/or are 

well-differentiated. The effectiveness of progestational agents has been reported to increase 

with the combined use of estrogenic compounds, such as tamoxifen 175.  
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4. BIOMARKERS IN MEDICINE 

4.1. BIOMARKER DEFINITION AND TYPES 

Biomarkers are a keystone of medical care. Their tremendous potential to revolutionize 

clinical practice has been extensively documented 176–178. The National Institutes of Health 

definition of a biomarker is “a biological molecule that is objectively measured and 

evaluated as an indicator of normal biological processes, pathogenic processes, or 

pharmacologic responses to a therapeutic intervention” 179.  

An ideal biomarker should be measurable in a non-invasive clinical sample by reliable, 

robust and reproducible techniques. It should have excellent diagnostic and/or prognostic 

performance associated with high sensitivity (low rate of false negatives) and high specificity 

(low rate of false positives). It must be validated across a wide and representative range of 

populations and the final assay should be simple, cheap and thus accessible to all the 

populations requiring it 180.  

 

 

Figure 10. Clinical uses of biomarkers. Groups of patients to be differentially classified by the 

biomarkers. 

 

Biomarkers have several potential applications, including screening, diagnosis, prognosis, 

prediction of response to treatment, and monitoring the progression of disease. Each type of 

biomarker must enable the discrimination of groups of patients with different status of the 

disease that require different management (Figure 10).  Moreover, each application needs 

some specific biomarker characteristics 181. In cancer, screening biomarkers must detect 

cancer cases at a curable stage before symptoms develop and result in a reduction of 

disease-specific morbidity and/or mortality. Importantly, a screening program must be cost-

effective, minimally invasive, as it would be prescribed to a healthy population, and highly 
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specific to minimize false positives. As the screened population can be large, a small false 

positive rate could generate a large number of unnecessary diagnostic procedures 

associated with high costs and stress for the patients. The search of screening biomarkers is 

very challenging and may not even be feasible for some cancers with very low prevalence in 

the population. One of the most well-known and widely used cancer screening biomarkers is 

prostate-specific antigen (PSA) 182, although nowadays its use is controversial, as PSA 

screening leads to overdiagnosis and unnecessary treatment of prostate cancer 183. A 

diagnostic test is applied to individuals already presenting symptoms and hence, it must 

discriminate among a narrower range of the population 181. Nevertheless, diagnostic 

biomarkers must also avoid false positives and must detect cancer at the earliest stage 

possible while reducing the number of invasive procedures and the overall cost of the 

diagnostic process. Prognostic biomarkers provide information about the likely outcome of 

the cancer, independent of therapy, and hence, are used to classify patients into different 

risk groups. These biomarkers are useful when different therapies exist for those groups. 

Patients with a good prognosis could be spared from receiving more aggressive treatments, 

thus avoiding side effects and reducing costs 181. Predictive biomarkers are those able to 

predict subpopulations of patients who are most likely to respond to a specific treatment. 

These biomarkers are the basis of the personalized medicine 184. The evaluation of 

prognostic and predictive biomarkers is challenging, mainly due to the far endpoints of 

interest (i.e., disease-free, survival rate). One of the most widely used prognostic and 

predictive biomarker is the estrogen receptor in breast cancer 185–187. Finally, monitoring 

biomarkers are used to supervise that patients remain disease free after therapy. A 

monitoring test must be sensitive and specific to ensure continuation of useful therapies and 

early replacement of ineffective treatments 181. 

4.2. PROTEIN BIOMARKERS 

Various classes of biological molecules can be considered as disease indicators, including 

DNA, RNA, proteins and metabolites. Proteins present striking advantages as biomarkers. 

They are the biological end products that drive both normal and disease physiology and are 

the targets of most current drugs 188. Proteins are more diverse than DNA and RNA, since 

alternative splicing and post-translational modifications generate several proteoforms from 

each gene. More than 200 types of post-translational modifications have been described 
188,189. Humans have an estimated number of 20,300 genes 190, 40,000 metabolites 191 and 

about 100,000 mRNAs. In contrast, the human genome may potentially produce up to 1.8 

million different protein species 192. This vast diversity of proteoforms increases the 

probability of identifying a specific protein or a group of proteins which are associated with a 

disease. Another advantage is that a significant part of the proteome is detectable in 
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biofluids which are easily accessible and abundant. Importantly, protein biomarkers can be 

detected and quantified by techniques which are widely available in hospitals, such as 

immunohistochemistry or enzyme-linked immunosorbent assay (ELISA). The translation of a 

protein biomarker to a clinical test is expected to be quite rapid and efficient due to the 

easiness to adapt a protein-based immunoassay onto a standard clinical platform 193,194.  

However, the measurement of proteins presents several challenges. A side effect of the 

enormous number of proteins is the vast dynamic range of concentrations that spans over 

six to seven orders of magnitude in cells or tissues and up to 12 orders of magnitude in 

plasma 195–197. Consequently, the detection and quantification of low-abundance proteins is 

challenging, as they can be masked by high-abundance proteins. In addition, proteins are 

more dynamic than genes, and their activity can be different depending on the spatial 

subcellular location and the protein-protein interactions 188. Furthermore, the difference of a 

protein between two groups (e.g., healthy and diseased patients) may be due to post-

translational modifications, while its levels remain the same. Finally, proteomic techniques 

started to develop latter than genomic techniques. However, analytical approaches for the 

analysis of proteomes have rapidly evolved in the last years to provide better sensitivity, 

reproducibility, throughput and multiplexing 198, favoring the discovery of new protein 

biomarkers.  

4.3. BIOMARKER PIPELINE 

Typically, the phases of the biomarker development pipeline consist of discovery, 

qualification, verification and validation phases prior to the final clinical evaluation that leads 

to the implementation of the biomarker in the clinics after the approval of health regulatory 

agencies, such as the European Medicines Agency (EMA) or the U.S. Food and Drug 

Administration (FDA) 199,200 (Figure 11). 

Over the last decades, proteomic studies have mainly focused on the "discovery phase", 

using analytical methods designed for characterizing as much of the proteome as possible, 

though with a limited quantitative performance. This phase is an untargeted process whose 

goal is to look for differential proteins, usually between two simplified and homogeneous 

groups (e.g., healthy and diseased patients). The number of biological samples, usually 

tissue samples, analyzed in this first step is low (typically 5-10 samples per group) and the 

number of differentially expressed analytes identified ranges from 10s to 100s. In this first 

phase, the false discovery rate of the differentially abundant proteins is expected to be high, 

particularly for the low-abundance proteins, mainly due to the limited accuracy of the 

quantification, and the small number of samples analyzed. Therefore, they are referred as 

candidate biomarkers, not biomarkers 199. The next phase, "qualification", is used to 
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assess whether the differential levels of the candidate biomarkers from the previous 

discovery phase can be confirmed by targeted quantitative approaches used in next steps; 

and whether they can be assessed in a biological sample suitable to be used in the clinic 

(typically, non invasive samples such as blood or urine) 199. The "verification phase" is a 

crucial step that acts as a link between discovery and validation phases, and it has been 

defined as the current bottleneck of the biomarker pipeline 201–204. The main goal of this 

phase is to prioritize from the large lists of candidate biomarkers generated in discovery 

phases, those with an increased likelihood to become a clinical assay, justifying further 

investment in a subsequent validation phase. In this step, the analysis of multiple biomarker 

candidates (30-100) is extended to a larger number of samples (30-100), now including a 

broader range of cases and controls, in order to confirm the sensitivity of the candidate 

biomarkers and begin to assess their specificity. In this phase, highly multiplexing 

quantitative techniques are needed. The "validation phase" is the final key step in the 

biomarker pipeline prior to the clinical evaluation. This phase requires high investment and 

working time and hence, it is usually set to assess only the most promising candidates (4-

10). These proteins are studied in a large set of samples (100s). The composition of the 

sample set must represent as much as possible the diversity of the clinical conditions of the 

target population. In this phase, an accurate absolute quantification that allows comparison 

across sample cohorts, analytical platforms and laboratories is required 205 and, as the 

sample sets are large, high-throughput analytical methods are highly desirable. Finally, a 

clinical large-scale evaluation is needed before FDA approval and commercialization. 

During this phase, the final biomarker, or panel of markers, showing a great accuracy and 

cost-effectiveness are quantified on 500-1000s of the preferred clinical samples (typically, 

non-invasive body fluids) in a rigorously standardized way using the analytical approach that 

would be applied in the clinical practice 200.  

Despite the important efforts and investments made in the search for clinically useful protein 

cancer biomarkers in the last decades, very few have been granted FDA approval. Only 

Pro2PSA for prostate cancer, HE4 protein and its combination with CA125 (ROMA) and 

OVA1 (a panel of 5 proteins) for ovarian cancer, and the fibrin/fibrinogen degradation 

product for monitoring progression of colorectal cancer have been approved by the FDA 

over the last 10 years 206. Several comprehensive reviews have summarized the reasons for 

the lack of translation of research results into clinical applications 207,208. Regarding EC, 

many studies have been performed in order to look for new biomarkers but yet, no protein 

biomarker has been applied in the clinical environment.  
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Figure 11. Biomarker pipeline and clinical samples usually employed in each phase. A. 

Characteristics of the phases of the biomarker pipeline. B. Clinical samples usually employed and main 

advantages that make them appropriate for each phase of the biomarker pipeline. 

 

4.4. CLINICAL SAMPLES: SOURCES OF BIOMARKERS 

A variety of clinical samples such as tissue specimens, blood, and proximal fluids are 

suitable for protein biomarker identification. Although all types of samples could be 

potentially used in any phase of the biomarker pipeline, their different characteristics make 

each of them more appropriate for some specific phases (Figure 11). 
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4.4.1. Tissue samples 

Tissue samples collected by biopsy or surgery are the most commonly used clinical samples 

in the discovery phase of the biomarker pipeline. One of the main advantages of this 

biospecimen is the higher concentration of any potential biomarker in the affected tissue 

(e.g., cancerous tissue) compared to diluted in any body fluid. Additionally, biomarkers in a 

tissue sample can be studied within their cellular environment and importantly, their levels in 

the diseased tissue can be compared to nearby healthy tissue, which would represent the 

most appropriate control. Finally, the use of cancerous tissue samples reduces the need to 

demonstrate that the identified biomarker originates from the actual tumor 209. However, 

tissue samples are limited and their collection requires invasive procedures for the patient. 

Accordingly, they are not optimal samples for advanced stages of the biomarker pipeline 

and clinical application when searching for screening or diagnostic biomarkers. Furthermore, 

the proteomic analysis of tissue samples has several methodological challenges, such as 

cell heterogeneity in the tissue that may mask the variation in protein levels characteristic of 

a specific cell type, and protein cross-linking when working with formalin-fixed, paraffin-

embedded (FFPE) tissues. Some approaches to overcome these challenges are the laser 

capture micro-dissection 210 and novel protocols for FFPE tissues 211,212, respectively. 

4.4.2. Blood serum or plasma 

Blood serum or blood plasma is the preferred clinical sample for the identification of 

biomarkers. It is collected in a rapid, easy and minimally invasive way and it is routinely 

analyzed in the clinical laboratory. Its ease of collection allows to monitor the patient at 

several time points. Therefore, steps beyond the discovery phase of the biomarker pipeline 

would be preferably performed in this sample (Figure 11) 213. As blood is in direct contact 

with all body organs, its content potentially includes leakage or secretion proteins from all 

tissues. In addition, total protein concentration in plasma is very constant among people, 

enabling a more straightforward comparison of specific protein levels between patients 

without the need of normalization methods. However, plasma is one of the most challenging 

samples to be analyzed by proteomic techniques. The wide dynamic range of more than 

eleven orders of magnitude in protein abundance 197 increases the difficulty to detect low-

abundance proteins. The presence of very high-abundance proteins such as albumin (35-50 

mg/ml over 70 mg/ml total protein concentration) masks potential biomarkers which are 

coming from the body tissues and massively diluted into circulating blood to a concentration 

range of ng/ml and below (cytokines and other proteins are present at the pg/ml level) 197. 

The fact that blood flows through all organs also hampers the identification of biomarkers 

specific to a concrete process occurring in a specific part of the body. 
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4.4.3. Proximal fluids 

In contrast to blood, a "proximal fluid" is a biofluid in direct contact or close to the site of 

disease. Consequently, proximal fluids are enriched in potential biomarkers coming from the 

diseased tissue and hence, they arise as an attractive alternative for biomarker identification 
199,214 (Figure 11). Some examples of proximal fluids include cerebrospinal fluid for the study 

of intracranial processes, urine for renal and urological diseases, ovarian cyst fluid and 

ascites fluid for ovarian cancer, amniotic fluid for fetomaternal screening and nipple aspirate 

fluid for breast disease. The use of these proximal fluids for biomarker search is also 

challenging, as their proteomes are less characterized and can be more variable than the 

plasma proteome. In addition, each type of proximal fluid presents its own limitations, such 

as invasive collection procedures, small sample volume, low amounts of secreted proteins, 

and/or frequent blood contamination 213,215,216. Currently, urine is one of the most widely 

studied proximal fluids, since it is obtained non-invasively and in large quantities and thus, is 

suitable for all steps of the biomarker pipeline. Urine has been employed in the search of 

biomarkers for diseases such as prostate and bladder cancer 217–219. 

For gynecological diseases such as EC, pipelle biopsies (also called uterine aspirates) may 

be an interesting source of biomarkers. As explained in section 3.4.3.3. (page 21), this 

biofluid is in direct contact with the tumor in the endometrium and can be obtained by 

aspiration from inside the uterine cavity with a Cornier Pipelle. These biopsies contain a fluid 

fraction and a cellular fraction. Their use as a source of biomarkers has been exploited at 

transcriptomic and genomic level, but only through the assessment of molecular alterations 

in the cellular component. Remarkably our group identified, verified and validated a five 

gene qRT-PCR assay that improves EC diagnosis 220,221. However, very few proteomic 

studies have been performed in uterine aspirates, and none of them focused on the search 

for EC protein biomarkers 222–224. 

 



Proteomic approaches for biomarker identification 
 

42 
 

In
tr

o
d

u
ct

io
n 

5. PROTEOMIC APPROACHES FOR BIOMARKER 

IDENTIFICATION  

Ever since the field of proteomics demonstrated the ability to identify and quantify a large 

number of proteins and their post-translational modifications, it has been applied to various 

areas of biomedicine, such as in the identification of potential markers 225. Protein biomarker 

identification shares characteristics with genomic and transcriptomic profiling, including the 

analysis of biological samples with complex matrix that generates large datasets and 

requires sophisticated statistical analysis. However, the study of the proteome is inherently 

more complex, mainly due to the extended range of analyte concentrations and the fact that 

proteins cannot be amplified, since an equivalent polymerase chain reaction (PCR) for 

proteins does not exist and therefore sensitivity is an additional challenge 198. Nevertheless, 

there have been rapid advances in the field of proteomics in the last years, mainly driven by 

the methodological and technological advances of mass spectrometry (MS) together with 

the development of bioinformatics.  

In this regard, MS-based approaches have become a driving force in the initial steps of the 

biomarker pipeline (i.e., discovery and verification phases), whereas antibody-based 

approaches are still the gold standard for the final validation steps of the pipeline. 

5.1. MS-BASED PROTEOMICS 

5.1.1. MS basics 

Despite the significant achievements in the MS-based identification of intact proteins (top-

down proteomics) 226, the vast majority of proteomic data has been generated by bottom-up 

proteomics. The general workflow consists of several steps (Figure 12):  

! Sample preparation  

Proteins must be extracted from the tissue samples by lysis and solubilization. This is not a 

requirement for biofluids such as plasma or urine because proteins are already soluble, but 

purification and concentration steps might be necessary in those cases. Proteins are then 

denatured by heat or by using denaturation reagents such as urea, the disulfide bonds are 

reduced and the free cysteins are alkylated in order to break the tridimensional structure of 

proteins and thus allow for a more efficient proteolysis by providing the proteolytic enzymes 

maximum access to cleavage sites within the proteins. Finally, proteins are cleaved into 

peptides by a protease or a mixture of proteases with high specificity 227,228. Trypsin is the 

most widely used protease and it specifically cleaves peptide chains at the carboxyl side of 
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the amino acids lysine (K) and arginine (R), generating peptides of an average size of 14 

amino acids with a predictable MS fragmentation pattern 229. Tryptic peptides are also 

convenient to separate by reverse phase liquid chromatography, a separation technique fully 

compatible with MS analysis. Apart from trypsin, other proteases such as Lys-C or a 

combination of multiple enzymes can be used in order to increase protein sequence 

coverage 229. 

 

 

Figure 12. Bottom-up MS-based proteomics workflow. Proteins are digested with trypsin and 

resulting peptides are analyzed by reverse phase liquid chromatography coupled with mass 

spectrometry detection. 
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MS-based approaches achieve a good sensitivity, but the depletion of the most abundant 

proteins or, conversely, an enrichment of the proteins of interest can be used to improve the 

detection limit in clinical samples. A number of methodologies have been proposed, such as 

depletion of the most abundant proteins (e.g., albumin and immunoglobulin G (IgG) in 

plasma), glycoprotein enrichment, capture of peptides with infrequent amino-acids, or 

immunoaffinity purification (to be able to detect proteins at or below the ng/ml concentration 

level) 230. 

! Separation prior to MS analysis  

Due to the complexity of the proteome, the identification and quantification of peptides by 

MS is less efficient if the sample is not previously fractionated or separated 231. The 

concomitance of too many compounds can generate a competition for the ionization in the 

source and can lead to signal suppression (i.e., matrix effect) 232. In addition, prior sample 

separation reduces the risk of interferences caused by isobaric compounds. Therefore, 

separation techniques are employed to improve the analytical performance including the 

sensitivity and the coverage of the proteome. In the early stages of proteomics, two 

dimensional gel electrophoresis was the method of choice for the separation of proteins from 

complex samples prior to digestion and identification by MS (see section 5.1.3.1., page 50). 

Nowadays, this approach has been mostly replaced by the separation of peptides by 

reverse phase high pressure liquid chromatography (HPLC) that separates peptides on the 

basis of their hydrophobic interactions with the analytical column 227. In this configuration, 

the outlet of the HPLC system is connected to a mass spectrometer (LC-MS) or several 

analyzers (LC-MS/MS) where the eluted peptides are directly analyzed. Off-gel fractionation 

is an alternative technique that fractionates proteins and/or peptides on the basis of their 

isoelectric point without the need of a gel-based matrix 233,234. The fractions are further 

treated as regular proteomic samples and analyzed by LC-MS for an improved proteome 

coverage. 

! MS analysis  

Mass spectrometers measure the ratios between the masses and the charges of ions (m/z 

values). Therefore, peptides must be first ionized and vaporized by the ion source. The 

resultant ions are then separated according to their m/z by the mass analyzer and finally 

detected to generate a "mass spectrum", which is a plot of ions abundance against m/z 

values 235 (Figure 12). In the field of proteomics, the ionization process is mostly performed 

in positive mode, by addition of protons. The electrospray ionization (ESI) is well adapted for 

the analysis of peptides and proteins as it can be directly coupled with a liquid 

chromatography device and it generates multicharged peptides which promote efficient 
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fragmentation at low energy collision induced dissociation (CID). After being ionized and 

converted to gas phase, the peptide ions are analyzed by one or several mass analyzers, 

depending on the mass spectrometer configuration. These include low resolution analyzers 

like the quadrupole and the ion trap, and high resolution/accurate mass analyzers like the 

time-of-flight (TOF), the orbitrap and the Fourier transform ion cyclotron resonance (FTICR) 

analyzers 231,236. Nowadays, proteomic studies employ tandem mass spectrometers which 

are built by a combination of several analyzers and hence, both LC-MS and LC-MS/MS 

terminologies usually refer to a combination of mass analyzers. Common tandem mass 

spectrometers configurations for proteomics studies are the quadrupole time of flight 

(QqTOF), the quadrupole orbitrap (Q-OT), the triple quadrupole (QqQ) and the ion trap / 

orbitrap,  with different performances in terms of mass accuracy, resolving power, sensitivity 

and dynamic range 236. In these configurations, peptides are selected in the first mass 

analyzer, fragmented by CID 237, and the resulting fragment ions are analyzed in the second 

mass analyzer. Fragmentation of peptides generates b- and y- fragment ions that allow to 

determine the peptide sequence 238 which, combined with the accurate mass of the 

precursor ion, dramatically improve the confidence of the identification (Figure 12). 

5.1.2. Protein quantification by MS 

MS-based proteomics has rapidly evolved over the past years from a qualitative to a more 

quantitative approach 239. Although LC-MS is inherently a quantitative platform, the signal is 

subjected to variations. These variations are principally due to changes in the instrument 

performance, including variations of the injection volumes and degradation of the 

chromatographic column performance regarding the LC part; and the contamination or drift 

in the calibration regarding the MS system. In addition, the competition for the ionization in 

the ion source can suppress, or sometimes enhance, the signal of an ion species. Several 

strategies can be used for protein quantification. These can be broadly divided in label-

based and label-free approaches. 

5.1.2.1. Label-based approaches 

An efficient approach to control for the variations in the sample preparation and/or LC-MS 

analysis consists in the incorporation of amino acids labeled with stable isotopes (13C, 15N 

and/or 18O) into internal standards. The isotope-labeled peptides, often called heavy 

peptides, display the same sequences and similar physico-chemical characteristics to that of 

their endogenous peptides, also called light peptides, but are distinguishable by MS due to 

their mass increase 240. Equal amounts of labeled internal standard are added to all samples 

to be analyzed and, as each heavy and endogenous peptide pair displays the same 

chromatographic behavior, ionization efficiency, and fragmentation patterns, the MS signal 



Proteomic approaches for biomarker identification 
 

46 
 

In
tr

o
d

u
ct

io
n 

of each endogenous peptide can be normalized by the signal of its isotopic labeled version 

to control for variability factors. Furthermore, the labeled internal standards should be spiked 

as early as possible during the sample preparation procedure in order to control the 

maximum number of steps of the sample processing and decrease the technical variability 
239. The addition of isotope labeled standards not only enables a more accurate relative or 

absolute quantification but also provides an extra step on the confidence of the peptide 

identification due to the co-elution of the endogenous peptide and the internal standard 

(used as the reference) and the possibility to perform spectral matching 241. 

Several strategies are employed to introduce labeled internal standards, including the use of 

isotopically labeled proteins, synthetic peptides or isotopically labeled derivatization 

reagents. 

! Isotopically labeled proteins 

Full-length isotope-labeled proteins are the ideal standard for quantitative proteomics 242,243. 

In contrast to peptide standards, adding isotope-labeled proteins in early steps of the sample 

preparation workflow enables to control for variations that may occur during proteolysis and 

pre-fractionation steps. 

The chemical synthesis of proteins is almost impossible due to their size (it is difficult to 

synthesize over 30 amino acids) and the challenge to reproduce the specific folding and 

tridimensional structure. Metabolic incorporation by stable isotope labeling by amino acids in 

cell culture (SILAC) is a feasible method for the production of isotope-labeled proteins. In 

this strategy, amino acids labeled with 13C and/or 15N (typically, arginine and lysine) are 

added to an amino acid deficient culture media where cells with a specific biological 

condition (control, cancer or cells under a treatment) are grown. The labeled amino acids 

are therefore incorporated into all newly synthesized proteins 244 and after proteolysis, all 

tryptic peptides will be labeled on the C-terminus. The cell lines should be kept in culture 

until they reach an incorporation rate over 95%. The labeled cell line is then mixed with 

another biological condition that is not labeled and they are quantitatively compared. With 

this approach, the relative quantification of the complete proteome between two states is 

possible. However, since SILAC requires complete metabolic labeling of proteomes, it is 

applicable only to cultured cells or, at most, to small organisms like mice 245. Moreover, the 

comparison of multiple samples is not easy. 

The super-SILAC approach emerged as a variant applicable to tissue samples or biological 

fluids 246. This approach consists in combining an assortment of cell lines, a super-SILAC 

mix, to be used as a spike-in standard. The design of the appropriate super-SILAC mix is 

crucial for the outcome of the experiment. The cell line mixture that better represents the 
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proteome of the clinical sample, the ratios in which these cells should be mixed, and the 

ratio of the super-SILAC to be spiked in the clinical sample must be determined 247. It is an 

appropriate approach for untargeted studies such as discovery phases of the biomarker 

pipeline (Figure 13B), since this approach presents the advantages of conventional SILAC, 

enabling the relative quantification of the complete proteome. Moreover, this approach 

allows for the comparison of multiple samples. Its main disadvantage is that the dilution of 

the sample of interest by a complete exogenous proteome significantly increases the 

complexity of the sample, and thus may reduce the selectivity and the sensitivity of the 

approach. 

! Isotope-labeled synthetic peptides 

Isotope-labeled peptides can be chemically synthesized in large scale by several 

manufacturers on the market with different quality grades ranging from relatively inexpensive 

non-purified peptides used for relative quantification (crude peptides) to purified and 

accurately quantified peptides designed for absolute quantification (e.g., AQUA peptides) 
248,249. Furthermore, post-translational modifications such as phosphorylation, acetylation, 

sulfation can be incorporated 250. It is a fast and straightforward approach that introduces 

less complexity to the sample compared to the super-SILAC approach, and it is widely used 

nowadays in targeted studies where the peptides of interest are known upfront, such as the 

verification and validation of biomarker candidates (Figure 13B). However, this approach 

also has some limitations. Synthetic peptides as internal standards do not control for 

variations in early steps of the sample preparation, including the tryptic digestion. 

Additionally, synthesis of peptides over 25 amino acids can be erratic, the stability during 

storage should be controlled, and the preparation of a mixture of hundreds of peptides can 

be a tedious task if not automated.  

! Isotopically labeled derivatization reagents 

The isobaric tags for relative and absolute quantitation (iTRAQ) technology utilizes isobaric 

reagents to label the primary amines of peptides and proteins 251. The isobaric tags include 

a reporter group, a mass balance group and a peptide-reactive group. The function of the 

balance group is to make the labeled peptides from each sample isobaric (same mass). The 

relative abundance of the peptides is deduced from the relative intensities of the reporter 

group that is generated upon fragmentation in the mass spectrometer. The iTRAQ approach 

is often used in discovery studies since, in principle, every peptide is labeled. However, it 

also has some limitations, such as the underestimation of the changes in abundance 

reported and interferences by cross-label isotopic impurities 252. Other approaches based on 
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isotopically labeled reagents include isotope coded affinity tagging (iCAT) 253 and tandem 

mass tags (TMT) 254.  

5.1.2.2. Label-free approaches 

In label-free approaches, an equal amount of each sample is analyzed by MS to estimate 

the relative abundance of proteins across samples, without the use of a labeling strategy 255. 

The sample processing and LC-MS conditions need to be carefully controlled to minimize 

variations and obtain optimal results 256. 

Although this method provides a less accurate quantification, its ease of execution and cost-

effectiveness make it appropriate for the initial discovery phase of the biomarker pipeline 

(Figure 13B). The label free approach is sensitive to MS signal variation and therefore, it is 

more reliable when samples with similar chemical background are analyzed. Due to its 

limited precision and accuracy, the difference between the levels of the proteins among 

samples must be high to be significant (greater than two-fold) 257.  

5.1.3. Major mass spectrometry acquisition strategies in 
proteomics 

MS plays an important role in proteomics as it provides sensitive, selective and highly 

multiplexed analyses of the samples. The recent developments in high resolution accurate 

mass spectrometry and the faster acquisition rate make MS a key player not only for 

discovery phases but also for the subsequent verification and validation phases of the 

biomarker pipeline in complex clinical samples 258,259. The selection of the most appropriate 

MS-based proteomic approach for each specific purpose is crucial 260.  

5.1.3.1. Untargeted MS approaches for biomarker discovery 

In the past, MS-based proteomics has been mainly employed in discovery phases of the 

biomarker pipeline to characterize as much of the proteome as possible in order to identify 

proteins differentially abundant between two states, such as presence or absence of 

disease, rather than focusing on precise quantification. Different platforms are used for this 

purpose. 
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Figure 13. Internal standards and analytical approaches usually employed in each phase of the 

biomarker pipeline. A. Characteristics of the phases of the biomarker pipeline. B. Implementation of 

internal standards in MS-based approaches. C. Implementation of analytical approaches in the 

biomarker pipeline. 
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! Two-dimensional electrophoresis 

The term "proteomics" originated in the context of two-dimensional electrophoresis (2DE) 
261. This gel-based strategy represented a fundamental evolution in the field of separation 

technologies. In 2DE experiments, proteins are separated on polyacrylamide gels based on 

their molecular weight and isoelectric point. After staining, each observed protein spot is 

quantified based on its staining intensity. This technique allows for the separation of 

thousands of proteins on a gel as well as the separation of intact isomeric forms of a protein 

for the study of post-translational modifications 262. Each spot to be identified requires to be 

excised, digested in-gel and that the peptides are identified by MS, typically by the peptide 

mass fingerprinting method using a matrix-assisted laser desorption/ionization time-of-flight 

mass spectrometer (MALDI-TOF) 263–265. The identification confidence can be improved by 

tandem MS on MALDI-TOF/TOF systems 266. The 2DE technology is easily accessible to 

almost any laboratory 262. However, the lack of reproducibility of 2DE hampers the 

comparison of different gels (each containing the proteins from a single sample). 

Two-dimensional differential gel electrophoresis (2D-DIGE) emerged as an 

improvement of conventional 2DE that facilitates the comparison among different gels 267. 

Two samples are differentially labeled with fluorescence dyes (i.e., Cy3 and Cy5) and 

simultaneously resolved within the same gel, being subjected to the same procedures. 

Additionally, a third sample (a pool of all the samples included in the study) labeled with a 

third dye (Cy2) is introduced as internal standard in the same gel. This internal standard 

enables the comparison among all gels in the study. Although 2D-DIGE overcomes some of 

the problems associated with 2DE, it is still considered a very tedious, low throughput 

technique with a limited dynamic range. It is also dependent on the size and hydrophobicity 

of the proteins being studied 268. Moreover, there is an indirect link between quantitative 

measurement, based on staining intensity, and protein identification, based on MS. 

Nowadays these techniques, although popular in the past, have been outperformed by a 

more powerful generation of gel-free MS proteomics, known as "shotgun proteomics", 

described below.  

! Data Dependent Acquisition (DDA)  

Liquid chromatography coupled to tandem mass spectrometry (LC-MS/MS) is currently the 

gold analytical MS platform for the measurement of proteins in biological samples 269,270. 

After a step of proteolysis, the peptide mixtures are separated by reverse phase 

chromatography prior to enter the mass spectrometer. The DDA acquisition is a powerful 

acquisition method for protein identification without the need of preliminary knowledge of the 

sample content prior acquisition and hence, DDA acquisition is the method of choice for 

biomarker discovery phase (Figure 13C). In this approach, the precursor ions are detected 
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by a MS1 survey scan and the most intense precursors (typically, 4 to 12) are selected for 

fragmentation and detection of all fragment ions, giving a full-scan MS/MS spectra. This 

process is repeated during the whole chromatographic separation leading to a list of several 

thousands of MS/MS spectra. Then, the MS data are processed by searching algorithms 

(e.g., Mascot, Sequest) that match the experimental MS/MS spectra with the theoretical 

spectra generated from protein sequence databases (e.g., Uniprot)  271–273. The sequences 

of the proteins from the databases are in silico digested into peptides using the same 

cleavage rules as the actual protease used in the sample preparation and then the fragment 

ions masses are calculated. The search algorithm matches the best corresponding peptide 

sequence with the experimental MS/MS spectra and the mass of the related precursor ion. 

The identification of peptides that are unique for a specific protein leads to the identification 

of the related protein. 

This method requires mass spectrometers able to select precursor ions through isolation 

windows of 1-3 m/z and to perform their fragmentation. The performance of DDA has been 

improved by the use of high resolution mass accurate spectrometers 274, particularly the 

time-of-flight 275 and the orbitrap mass analyzers 276,277, as the MS data acquired with these 

instruments reduce the ambiguity on the peptide matching. 

This approach achieves a much higher sample throughput and higher proteome coverage 

than gel-based approaches, but can be biased toward high-abundance proteins due to the 

selection of precursor ions based on intensity. Another consequence of the stochastic 

selection of precursor ions for fragmentation is the limited reproducibility between sample 

replicates. Several studies showed that lists of identified peptides between replicates only 

overlapped by 35-60% 278,279.  

Quantification in untargeted approaches can be either label-free or use SILAC or isotope 

labeled tag like iTRAQ and iCAT.  

! Data Independent Acquisition (DIA)  

Recently, DIA has emerged as a viable unsupervised acquisition scheme for both qualitative 

and quantitative analyses that overcomes several limitations of the traditional techniques 

previously described 280. The principle of the DIA acquisition is to generate a comprehensive 

and unbiased map of a proteome by performing MS/MS fragmentation without selection of a 

particular precursor ion.  

One popular method to improve the selectivity of DIA is the Sequential Window Acquisition 

of all Theoretical Fragment-ion spectra (SWATH) 281. This DIA acquisition scheme is based 

on the systematic acquisition of sequential precursor ion mass windows (typically 10-50 m/z 
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units) that cover the entire mass range. All precursor ions in each window are fragmented 

and all fragments are analyzed in MS/MS mode at high resolution. 

This acquisition method virtually covers all detectable peptides in a sample and thus allows 

for iterative data mining without the need of re-acquisition. However, the concomitant 

fragmentation and MS analysis of all the ions available generate extremely complex MS/MS 

spectra and therefore, the data processing, which is usually based on spectral matching 

using a reference spectra library 282,283, is very challenging. Other disadvantages of this 

approach are the lack of selectivity compared with methods that use a precursor selection 
284, and the loss of a direct link between the precursor masses and the MS/MS spectrum, as 

it exists in DDA. Finally, DIA usually employs label free quantification strategies.  

To date, DIA has already been applied to the identification of biomarkers in several types of 

cancer such as esophageal, lung and nasopharyngeal carcinomas 285–287.  

5.1.3.2. Targeted MS approaches for biomarker verification 

Antibody-based assays have been the most common methods of choice for targeted 

studies, but their low protein throughput makes them more suitable for final validation 

phases focused on a restricted list of biomarkers. Highly multiplexed targeted MS-based 

techniques have gained in popularity for verification studies, in order to evaluate a large 

number of potential biomarkers coming from discovery studies and prioritize the most 

promising candidates to enter into further validation phases 202. In addition, the improvement 

in sample throughput of the MS technologies facilitates their use in larger sample sets in 

initial validation phases (Figure 13C). 

In targeted MS approaches, a list of peptides representing the proteins to be measured must 

be selected before the actual MS acquisition and measured by repeated MS/MS events 

through acquisition windows. The data points extracted from the MS/MS events allow to 

recreate the chromatic elution profiles of the peptides that can be integrated for further 

quantification. As for DDA, targeted acquisition relies on the filtering of the precursors 

through a narrow mass window of 1 m/z before MS/MS fragmentation, significantly 

improving the selectivity compared to DIA experiments. However, targeted experiments are 

limited in the number of peptides that can be monitored per analysis. In order to maximize 

the number of measurable peptides, the liquid chromatography retention time of each 

peptide should be determined in a preliminary analysis to be able to monitor the fragment 

ions of specific peptides in the corresponding time windows. This is called scheduled 

acquisition 288. Whereas DDA acquisition requires the detection of a precursor in a survey 

scan to trigger a MS/MS event, targeted acquisition systematically performs MS/MS events 

during the acquisition windows which are centered on the elution times of each targeted 
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peptide. Therefore, targeted acquisition does not generate missing data and replicates can 

be quantitatively compared as they perfectly overlap.  

! Selected Reaction Monitoring (SRM) 

The SRM acquisition performed on a triple quadrupole mass spectrometer, which was 

elected "Method of the year 2012" by Nature Methods, became the reference technique for 

MS-based quantitative methods in proteomics 289.  

 

 
Figure 14. Comparison of the SRM and PRM acquisitions. A. SRM acquisition performed on a triple 

quadrupole mass spectrometer. B. PRM acquisition performed on a quadrupole-orbitrap mass 

spectrometer. 

 

The SRM acquisition is performed by the selection of a precursor ion by the first quadrupole 

(Q1), followed by the fragmentation of the selected ion in the second quadrupole (q2) 

operated as a collision cell. Finally, one fragment ion is selected by the third quadrupole 

(Q3) and reaches the detector to generate a signal 290 (Figure 14A). The first and the third 

quadrupoles are usually operated to filter ions with a mass width of 0.7 to 1 m/z. A pair of a 

precursor associated with a fragment ion is called an SRM transition and usually three to 

five transitions are recorded per peptide to improve the confidence of the measurements. 

Regarding data processing, the quantification is usually based on the area under the peak of 

the elution profiles of the targeted fragment ions for improved accuracy and precision. 

LC-SRM is a multiplexed acquisition method that allows for the accurate quantification of a 

hundred of peptides in a single LC-MS analysis. It achieves a good selectivity due to the two 

levels of mass filtering on the precursors and the fragment ions, and high reproducibility 

across many samples and different laboratories 289,291,292. The possibility of using internal 

standards such as stable isotope labeled peptides or proteins brings several advantages for 

quantitative analysis including: i) control of the signal variation (see section 5.1.2.1., page 
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45); ii) a strong confidence in the peptide identification due to the co-elution of the 

endogenous peptide and internal standard and the similarity of the fragmentation pattern; 

and iii) the possibility to perform absolute quantification if the concentration of the internal 

standard is known 249,293. 

SRM assays usually cover a linear dynamic range of 5 orders of magnitude 288, and provide 

a good sensitivity. However, as for most LC-MS based proteomic methods, a depletion or 

enrichment step can be required to quantify very low abundance proteins 230,294. The method 

development in this approach is time consuming and static, as the SRM transition list must 

be defined prior acquisition. Since only a limited number of transitions are monitored for 

each peptide, the presence of interferences may jeopardize the data analysis and may 

require the reanalysis of the samples, decreasing the throughput of the technique 259. 

Therefore, it is important to validate the specificity and sensitivity of the SRM transitions in a 

representative number of samples before the analysis of the full sample set 293. The 

information required for the method development prior to the SRM analysis is shown in 

Figure 15. 

! Parallel Reaction Monitoring (PRM) 

Targeted MS-based approaches are also feasible with high-resolution accurate mass 

spectrometers, and the PRM acquisition performed in these instruments recently arose as a 

promising alternative to SRM 259,295. The configuration of the LC-PRM shares some 

similarities with the LC-SRM performed on a triple quadrupole, but the third quadrupole is 

replaced by a high-resolution mass analyzer (TOF or orbitrap). In the case of a quadrupole-

orbitrap configuration, a specific precursor ion is selected by the quadrupole and transferred 

via the C-trap to the collision cell where it is fragmented. The fragment ions are then 

transferred back to the C-trap and injected into the orbitrap to be analyzed at high resolution 

(Figure 14B) 296. 

This acquisition method permits the detection of all fragment ions of the targeted precursor 

ion in one MS/MS event whereas the SRM method requires one MS/MS event per fragment 

ion 275,277. The data processing is performed by extraction of the ion chromatograms (XIC) of 

the fragment ions of interest and, as for SRM and DIA data, quantification can be performed 

by integration of the areas of the elution profiles.  

The PRM acquisition has several advantages over the SRM approach 259. The high 

resolution dramatically reduces the risk of interferences from the background and the 

accurate mass improves the confidence on the fragment ions identities. In addition, because 

it is based on full MS/MS spectra, all potential fragment ions are recorded, instead of only 

the 3-5 usually targeted in SRM. A reference spectra can be used to select the fragment 
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ions to be extracted and to confirm the identity of the peptides by spectral matching (see 

Chapters 3 and 4 for details). PRM also facilitates the method development because the 

fragment ions to monitor are selected post acquisition and therefore, less information is 

required prior to the MS analysis (Figure 15). Moreover, the presence of interfering ions can 

be solved by using alternative fragment ions without the need of a re-acquisition, as it is the 

case with SRM. The PRM mode is also fully compatible with the use of isotope labeled 

peptides, with all the associated benefits previously described 257,297. 

Although the advantages of application of these high-resolution accurate mass 

spectrometers in clinical studies have been evaluated 241,298, only few studies have already 

employed this technique for biomarker searches in clinical 299 or cell lines samples 300–302, 

and none of them for targeting a high number of candidate biomarkers. 

 

 

Figure 15. Steps required for the development of an SRM and a PRM method. Adapted from 

Gallien et al. 2011 292. 

 

5.2. ANTIBODY-BASED PROTEOMICS 

Although targeted MS-based approaches have significantly improved their sensitivity and 

sample throughput and start to be applied in validation phases of the biomarker pipeline, 
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antibody-based approaches continue to be the reference method for validation and clinical 

evaluation steps (Figure 13C). 

Immunoassays use the basic immunology concept of an antigen binding to its specific 

antibody. Immunohistochemistry or enzyme-linked immunosorbent assays (ELISA) are 

widely employed in the clinical environment as they are simple and cost-effective if the 

antibody is already available, very sensitive and provide high sample throughput. However, 

they are limited by the availability of antibodies. The development of new highly specific 

antibodies is an expensive and time-consuming process that may take several months 303. 

Other limitations are the difficulty of multiplexing, the cross-reactivity and the lack of 

reproducibility between platforms 202. 

5.2.1. ELISA for validation and clinical evaluation 

There are different types of ELISA, including direct and indirect ELISA, sandwich assays or 

competitive assays. Sandwich assays tend to be more sensitive and specific, being used in 

most commercial ELISA kits. In these assays, two different antibodies that bind to different 

sites on the antigen are used. The capture antibody, which is highly specific for a protein in 

the biofluid or sample to be analyzed, is attached to the plate surface. After nonspecific 

binding sites are blocked using bovine serum albumin, the antigen-containing sample is 

added, followed by the addition of the detection antibody, which binds the protein at a 

different epitope than the capture antibody. Different reporters can be used (enzyme, 

fluorophore, or biotin). They can be directly attached to the detection antibody or to a 

secondary antibody which binds the detection antibody. Finally, the substrate is added and 

converted by the enzyme into a colorimetric signal that can be quantified. The signal 

generated is proportional to the amount of antigen present in the sample 304.  

To date, ELISA remains the gold standard for validation and clinical evaluation of protein 

biomarkers in biofluids, mainly due to several outstanding advantages. First, it is a highly 

sensitive technology. Body fluids such as plasma or serum present a wide dynamic range of 

protein abundance that spans over 10-12 orders of magnitude 197. Therefore, a high level of 

sensitivity is required in order to detect and quantify putative new disease protein 

biomarkers that are likely to be present in biofluids at extremely low concentrations. While 

an SRM method reaches sensitivities within the ng/ml range in plasma, proteins such as 

interleukin-6 can be reliably measured by ELISA at concentrations as low as 0.15 pg/ml 
199,305. Second, when high quality antibodies are available, the ELISA immunoassay is fast 

and straightforward since the analysis of biofluids does not require any kind of prior sample 

preparation, and provide a high sample throughput. Finally, this approach allows for the 

absolute quantification of the protein of interest, which facilitates the comparison between 
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platforms and laboratories. Therefore, the ELISA immunoassay is used in clinical 

laboratories and consequently, an accurate biomarker detected by ELISA could be more 

quickly implemented in the clinics. 

However, commercially available ELISA kits are often not as specific as stated by the 

manufacturer, and they often lack reproducibility between assays. Moreover, they are 

usually research tools that are not extensively validated in clinical samples, and particularly 

in biofluids different from plasma or serum. Therefore, de novo development of highly 

specific and reproducible ELISA assays for the proteins of interest is recommended, 

although it is a challenging process. In a sandwich ELISA assay, the monospecificity of the 

two antibodies must be validated. The development of a new ELISA assay is an expensive 

(>$100,000 per antibody) and time-consuming process (1-2 years) 303. Consequently, ELISA 

technology is well-suited for the last steps of the biomarker pipeline where the few most 

promising biomarkers are quantified in a large number of samples.  
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BACKGROUND 

EC is the fourth most common cancer in women in developed countries and its incidence 

and mortality rates are increasing annually worldwide. In the United States alone about 

61,380 new cases and 10,920 deaths are estimated for 2017. Patients diagnosed at early 

stages of the disease are associated with an overall 5-year survival rate of 95%. However, 

30% of EC patients are diagnosed at an advanced stage of the disease associated with a 

drastic decrease in the 5-year survival rate; this rate is reduced to 69% in cases of regional 

metastasis, and to 17% in cases of distant metastasis 27. Improving early diagnosis is hence 

a major benefit to appropriately manage EC and to decrease the mortality associated with 

this disease.  

Abnormal uterine bleeding (AUB) is one of the most common symptoms for gynecological 

consultations306. It affects up to 11% of postmenopausal women 307 and up to 30% of 

women during their reproductive years 106. Although only 5-10% of women with AUB will 

have EC 76, women with this symptom are alerted to consult a specialist since AUB occurs in 

90% of EC cases. This means that a large number of women with benign disorders 

presenting AUB need to undergo a diagnostic process to rule out EC. This process consists 

of a pelvic examination and a transvaginal ultrasonography followed by the histopathological 

examination of an endometrial biopsy, which is preferably obtained by a minimally invasive 

aspiration from the uterine cavity using a Cornier Pipelle (i.e., uterine aspirate or pipelle 

biopsy) 76,107. Diagnosis is achieved by the observation of abnormal cells in the uterine 

aspirate. However, high failure rates (with an average of 22%) have been reported for this 

procedure due to histologically inadequate specimens 109. In those cases, a more invasive 

testing, i.e., dilatation and curettage or hysteroscopy, must be performed, with the added 

risk of anesthesia, infection and perforation, and higher healthcare costs 308,309. 

In addition, these preoperative endometrial biopsies should provide information about tumor 

histology and tumor grade to help in the risk stratification of EC patients and guide the 

surgical staging procedure. Unfortunately, the limited number of cells available for 

examination in these biopsies and the high inter-observer variability in the pathological 

interpretation results in 40-50% of discordances in EC histotype and grade between biopsies 

and final hysterectomy specimens 140,143, which is often associated with a suboptimal 

surgery treatment. 

GENERAL OBJECTIVE 

In this context, the main goal of this thesis is the identification of specific and sensitive 

protein biomarkers in uterine aspirate samples in order to: i) improve early diagnosis of EC, 

reducing the current failure rate associated with the diagnosis based on the 
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histopathological examination of the cells in uterine aspirates and hence, reducing the 

number of more invasive sampling methods; and ii) improve the preoperative assessment of 

the histological type and grade of EC tumors in order to improve the risk stratification of the 

patients that would help to predict the most optimal surgical treatment.  

In the long-term, these approaches are expected to improve the management of EC patients 

and decrease the mortality and morbidity associated with this disease, while reducing the 

healthcare costs. 

SPECIFIC OBJECTIVES 

In order to achieve this main objective, the thesis has been divided in five chapters that 

follow the sequential phases of the biomarker identification pipeline, with the following 

specific objectives: 

CHAPTER 1. Systematic literature review 

1.1. Compile a list of proteins previously associated with EC in any type of clinical 

sample. 

1.2. Define an appropriate study design for EC biomarker identification. 

CHAPTER 2. Qualification phase: selection of the most suitable clinical sample and 

analytical approach for the subsequent phases 

2.1. Assess if the proteins previously associated with EC, mainly in tissue samples 

(Chapter 1), can be consistently measured by targeted MS-based approaches in uterine 

aspirates; and if they maintain their potential as EC diagnostic biomarkers when 

measured in this biofluid more suitable for use in the clinic. 

2.2. Measure the degree of correlation between fluid (supernatant) and cellular (pellet) 

fractions of uterine aspirates and endometrial tissue, at the protein level.  

2.3. Select the most appropriate fraction of uterine aspirates (supernatant or pellet) to be 

used in the subsequent phases of the biomarker pipeline. 

CHAPTER 3. Biomarker verification 

Adapted from: "Development of a Sequential Workflow based on LC-PRM for the 

Verification of Endometrial Cancer Protein Biomarkers in Uterine Aspirate Samples". 

Martinez-Garcia et al. Oncotarget 2016. 
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3.1. Develop a stepwise verification workflow to prioritize from a list of potential 

biomarkers the most promising to enter into a further validation phase.  

3.2. Evaluate the performance of PRM, a targeted acquisition method employed on a 

high resolution accurate mass spectrometer, in clinical samples of uterine aspirates.  

3.3. Assess the potential of the fluid fraction of uterine aspirates as a source of protein 

EC biomarkers. 

CHAPTER 4. Biomarker validation 

Adapted from: "Targeted proteomics identifies proteomic signatures in liquid-

biopsies of the endometrium to diagnose endometrial cancer and assist in the 

prediction of the optimal surgical treatment". Martinez-Garcia et al. Clinical Cancer 

Research 2017. 

4.1. Evaluate the diagnostic performance of 52 proteins on uterine aspirate samples 

obtained from 116 patients covering the broad clinical heterogeneity of EC cases and 

benign pathologies entering the EC diagnostic process.  

4.2. Assess the potential of those proteins to differentiate between histological EC types.  

4.3. Define panels of proteins that achieve the best performance to diagnose EC and to 

discriminate between the two main EC histological subtypes. 

4.4. Evaluate the correlation between MS-based results and ELISA assays.  

CHAPTER 5. Moving to the clinic. Development of a prototype 

5.1. Assay simplification  

Partially based on: "ELISA simplification and shortening by using a polymeric 

signal amplifier. Application to MMP-9 detection in plasma and uterine aspirates". 

de la Serna et al. (under revision). 

5.1.1. Compare the performance of a shortened ELISA (1h) versus the standard 

ELISA assay (5h) to measure the concentration of MMP9 in uterine aspirates from 

women undergoing EC diagnosis. 

5.1.2. Evaluate the performance of electrochemical biosensors to measure the 

concentration of MMP9 in uterine aspirates. 
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5.2. Simplification of the sample preparation 

5.2.1. Evaluate the feasibility of using the raw fluid fraction of uterine aspirates (i.e., 

avoiding albumin & IgG depletion and sonication steps) for the quantification of the 

described diagnostic and predictive biomarker signatures. 

 



 

 

 
 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

Results 



 

 
 

 

 

 

 

 



 

 

 

 

  

CHAPTER 1   

Systematic literature review. 

Proteins associated with EC 



 

 
 

 

 



Chapter 1: systematic literature review 

69 
 

R
es

u
lt

s 

SPECIFIC BACKGROUND 

Over the last 20 years, knowledge of the molecular genetics of EC has significantly 

increased. Many studies have been conducted to identify molecular alterations involved in 

tumor development and progression 77. With the recent advances in the proteomic field, a 

high number of investigations have identified proteins associated with EC. The differential 

levels of proteins between EC and control patients can be used as biomarkers to improve 

early diagnosis of EC, particularly if they can be detected in non-invasive or minimally 

invasive clinical samples. Nevertheless, no protein biomarker has been implemented in the 

EC diagnostic process yet.  

For this thesis, a discovery study to generate an initial list of EC candidate biomarkers was 

not performed per se, but instead an extensive literature review was performed in order to: i) 

compile the numerous proteins previously associated with EC in any type of clinical sample; 

ii) define an appropriate study design for EC biomarker identification in order to move the 

most promising of these candidate biomarkers into the clinical practice, as described in 

Chapters 2 to 5 of this thesis. 

MATERIAL AND METHODS 

MEDLINE database was searched for articles published from 1978 to January 2017 using 

the terms “endometrial cancer” and “biomarkers” ("endometrial cancer" OR "endometrial 

neoplasms" OR "endometrial carcinoma" AND "biomarkers" OR "marker"). The first inclusion 

criteria were: 1) EC biomarker studies performed at protein level; 2) studies describing 

potential EC screening or diagnostic biomarkers, i.e., differentially abundant proteins 

between healthy or benign controls and EC patients; 3) EC biomarker studies using any 

biological sample from patients: tissue, plasma, serum, etc. The exclusion criteria were: 1) 

non-English written articles; 2) studies performed on samples from animals or cell lines; 3) 

studies only comparing subsets of patients with better/worse clinical outcome (prognostic 

biomarkers); 4) reviews; 5) articles where only the abstract was available. Importantly, from 

the list of candidate biomarkers derived from these filtered studies, only those proteins that 

have undergone at least one level of additional validation using a different technology or 

biospecimen type, or an independent cohort of cases and controls whether in the context of 

the same publication or in an independent report are shown in the tables of this chapter. 
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Figure 16. Flow chart summarizing the selection process of the studies and proteins associated 

with EC presented in this chapter. 

 

RESULTS 

Compilation of proteins associated with EC  

A first search in the MEDLINE database was performed at the beginning of the thesis work 

and included a total of 2,280 articles published from 1978 to December 2013. As a result of 

this search, an initial list of 506 proteins associated with EC was obtained (Annex 1), and 

used as the starting point of the project described in this dissertation. Proteins in the list 

were ranked based on the number of articles where they were described and number of 

patient samples where they were evaluated.  

In a second selection step, only proteins coming from studies performed at protein level and 

studies describing differentially abundant proteins between EC patients and non-EC controls 

that could be used as EC diagnostic markers were kept. In addition, the literature revision 

was extended to articles published from January 2014 to January 2017 (453 studies), and 
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55 of those articles describing potential diagnostic proteins were added to the previous 

selection (Figure 16). 

Finally, in order to shorten the list to the most promising candidate biomarkers, and to 

analyze the main characteristics of the articles describing those proteins, only the candidate 

biomarkers validated in at least two independent cohorts of patients or by two different 

techniques were kept. A total of 124 proteins coming from 120 different publications 

matched these criteria. Fourteen out of the 120 articles were discovery studies that 

employed untargeted MS-based approaches for de novo identification of candidate 

biomarkers from the whole proteome of clinical samples. The other 106 articles were 

validation studies measuring one or few proteins in a large number of samples by targeted 

approaches.  

! Discovery studies 

The 14 discovery studies that followed our inclusion criteria are shown in Table 7. More than 

787 differentially expressed proteins between EC and control patients have been described 

in these studies. According to our search, only 48 of those proteins have been further 

confirmed by different techniques or validated in a different set of patients and are listed in 

Table 7. Discovery studies are typically performed in tissue samples rather than biofluids. In 

our literature review, 79% of the discovery studies (11 out of the 14 studies) were described 

in tissue samples.  

Most promising EC biomarker candidates from discovery studies 

Due to the limited reproducibility of the untargeted approaches applied in discovery studies 

and the limited number of biological samples tested, it is important to highlight candidate 

biomarkers that were confirmed in several studies. In this context, 22 out of the 48 proteins 

(46%) were reported in more than one discovery study (in bold, in Table 7). HSPE1 (or 

CH10), SERPINA1, CAPG, CKB and PKM (or KPYM) were described as potential EC 

biomarkers in three or more articles. With the exception of HSPE1 and PKM, coming from 

different studies performed by the same research group, the rest of those proteins were 

described by independent investigators. Other two proteins, PPIA and ANXA2, may also 

merit further evaluation. Apart from being described as differentially expressed by two 

different groups using MS-based approaches, they have been validated in a large cohort of 

patients by tissue microarrays. The identification of biomarkers in easy-to-access biofluids is 

crucial for their clinical application and hence, CLU, A1BG and DJ-1 may also be interesting 

EC candidate biomarkers. These proteins have been reported as differentially expressed 

between EC and control women in both endometrial tissue and serum samples. 
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! Validation studies 

A total of 96 proteins coming from 106 studies are shown in Annex 2 (Table 18). These 

studies used targeted approaches to compare the levels of one or few proteins of interest 

between EC and control patients. Targeted approaches can be divided in antibody-based 

and MS-based technologies. With the exception of 4 out of the 106 articles listed, all articles 

employed antibody technologies, mainly immunohistochemistry and/or ELISA. Moreover, 66 

out of the 106 articles (62%) were performed on tissue samples, 24 (23%) on serum or 

plasma samples, 11 (10%) in both tissue and blood samples, and only 5 articles (5%) used 

other alternative biofluids such as uterine lavage, uterine fluid or peritoneal washings. 

According to our inclusion criteria, all the 96 proteins have undergone at least one level of 

validation by means of a different technique, clinical sample, or different cohorts of patients. 

From the 96 proteins, 20 were described in the previous proteomic EC discovery studies 

and are here validated in larger cohorts of patients.  

Most robust candidate biomarkers 

Ten proteins have been described as differentially abundant between EC and control 

women in three or more independent validation studies (Annex 2). These proteins are HE4, 

CA125, SLC2A1 (GLUT1), MMP9, FOLR1, VEGFA, CD44, SAA1, TP53, and BCL2. Among 

them, HE4 (or WFDC2) and CA125 (or MUC16) are the two most studied biomarkers in EC. 

As shown in the table, their increased levels in EC have been confirmed in both tissue and 

serum samples and in several independent cohorts of patients. HE4 shows a considerably 

higher sensitivity compared to CA125 for detecting EC. The sensitivity and specificity values 

for these two proteins reported in the 7 articles presented in the table ranged from 31.5% to 

78.8% sensitivity and 65.5% to 100% specificity for HE4; and 17.8% to 52.6% sensitivity and 

33.3% to 95% specificity for CA125. All these investigations also evaluated the performance 

of both proteins combined. Although a slight improvement in sensitivity has been reported, 

the combination of CA125 and HE4 does not significantly improve the performance of HE4 

alone. The limited sensitivity achieved by these proteins hamper their application in the 

process of EC diagnosis. Moreover, HE4 and CA125 are not specific biomarkers of EC. 

Serum concentrations of these two proteins are elevated in various malignancies and they 

have been approved by the FDA as ovarian cancer biomarkers 206. 
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Alternative approaches and improvements that can be applied to these 

studies 

In spite of the high number of proteins associated with EC, none of them are currently used 

in the clinical practice for the diagnosis of this disease. Several reviews have highlighted 

some reasons for the lack of translation of biomarker research results into clinical 

applications 181,207,208. In Table 8 we outline some factors that could be improved and new 

alternatives not yet exploited in the previously described articles that might accelerate the 

identification of clinically useful proteins for EC diagnosis.  

In conclusion, the initial list of 506 proteins was used as a starting point of the work 

described in the following chapters; and the alternative approaches and recommendations 

indicated in Table 8 were taken into consideration for the design of the study. The benefit of 

these new approaches is discussed in the subsequent chapters. 



Chapter 1: systematic literature review 
 

76 
 

R
es

u
lt

s 

Table 8. Characteristics of the described publications that could be improved and alternatives 

that could be exploited to improve the identification of EC diagnostic biomarkers. 

 

Observations Alternatives/improvements

Unclear clinical question/multiple hypothesis testing Define the clinical question to be addressed

Small sample sizes
Sample size must be calculated to ensure 
adequate statistical power for each phase

Either untargeted discovery studies or validation studies 
of one or few proteins. Lack of intermediate verification 
studies

Need to prioritize candidate biomarkers from 
discovery to validation with highly multiplexing 
technology

Detailed information about the patients is often absent 
Inclusion/exclusion criteria for patient selection 
and clinicopathological characteristics of patients 
must be clearly defined

The majority of studies only include premenopausal 
women as controls

Target population should be reflected. 
Postmenopausal women should represent the 
majority of controls (about 90% of EC cases 
occur after menopause). 

The majority of studies only include healthy asymptomatic 
women as controls

An interesting subgroup of patients to include is 
women with AUB (present in 90% of EC cases)

Clinical 
sample 
selection

The majority of studies are performed in tissue samples 
(62%), followed by the studies performed in blood 
samples (23%).

Use of minimally-invasive proximal fluids: uterine 
aspirates, vaginal secretions (only 3 out of the 
106 articles reviewed)

Discovery studies performed with obsolete MS-based 
approaches: 2DE, DIGE, SELDI-TOF..

Recent advances in MS can be applied to 
increase the proteome coverage (e.g., DIA 
acquisition)

All but 4 out of the 106 validation studies use antibody-
based technologies for the validation of one or few 
proteins

Recent advances in highly multiplexing targeted 
MS can be applied to accurately measure a high 
number of proteins (e.g., LC-SRM, LC-PRM) 

Lack of robust statistics.The vast majority of publications 
base the statistical results only in p-values, which are not 
adequate to assess clinical utility and can even be 
misleading 

Provide descriptive statistics such as fold change 
ratios and ROC analysis offering deeper 
information about the sensitivity and specificity of 
a candidate biomarker 

Most studies focus on single biomarkers. Only 8 of the 
106 validation studies evaluate the performance of protein 
panels (6 of them evaluating the same combination of 
CA125 + HE4)

Search for biomarker signatures, evaluating their 
performance in independent cohorts of patients

Clinical 
relevance

Insufficient data showing a clear contribution to existing 
clinical practices

Demonstrate an improvement of the clinical 
scenario: improve the detection of the disease 
but also reduce the number of invasive biopsies 
and/or diagnostic costs

Ease of 
adoption by 
clinical 
laboratories

 -
Easy and straightforward assays, need of high-
level assay automation

FDA 
approval  - Seek FDA guidance as early as possible 

Statistical 
analysis

Implementation in the clinics

Preanalytical factors

Study 
design

Patient 
selection

Analytical factors

Analytical 
platform

Postanalytical factors
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SPECIFIC BACKGROUND 

As shown in Chapter 1, the vast majority of EC biomarker studies used endometrial tissues 

and/or blood samples. Uterine aspirates (or pipelle biopsies) may be a promising alternative 

source of EC biomarkers. Unlike tissue samples, they are collected by minimally invasive 

procedures at an early stage of the current EC diagnostic process; and unlike blood, uterine 

aspirates are in close contact with the tumor in the endometrium and thus, may be enriched 

in proteins directly derived from the tumor cells. Previous studies have reported a high 

correlation between endometrial tissue and uterine aspirates at RNA and DNA levels 221,310 

and consequently, this correlation may also be present at protein level. 

From a biological point of view, proteins are key players in many cellular processes and 

variations of their abundance levels can be associated with pathologies such as cancer. 

Proteins are present in biofluids and thus may be valuable disease indicators for the 

development of non-invasive diagnostic tests. From a clinical perspective, proteins are more 

easily implemented as biomarkers in the clinics than genomic biomarkers, as they can be 

detected and quantified by techniques that are widely implemented in hospitals such as 

immunohistochemistry or ELISA. To date, only few proteomic studies have been performed 

on uterine aspirates and they were not focused on the search for EC biomarkers 222–224. 

The work presented in this chapter aimed to i) assess if proteins previously associated with 

EC, mainly in tissue samples (Chapter 1), can be consistently measured by targeted MS-

based approaches in uterine aspirates; and if they maintain their potential as EC biomarkers 

when measured in this biofluid; ii) measure the correlation at the protein level between the 

fluid (supernatant) and cellular (pellet) fractions of uterine aspirates and their corresponding 

endometrial tissue; and iii) select the most appropriate fraction of uterine aspirates 

(supernatant or pellet) to be used in the subsequent phases of the biomarker pipeline. 

MATERIAL AND METHODS 

Patient recruitment and sample collection 

A total of 16 women entering the EC diagnostic process (8 women suffering from EC and 8 

non-EC controls) were recruited in the Vall d’Hebron University Hospital (Barcelona, Spain) 

between 2012 and 2014. Informed consent forms, approved by the Vall d´Hebron Ethical 

Committee, were signed by all patients (approval number: PR_AMI_50-2012). Inclusion 

criteria were postmenopausal women with atrophic endometrium and a minimum age of 50 

years. Women who had been treated previously for gynecological pelvic cancer were 

excluded. Patients known to be positive for the human immunodeficiency virus and/or the 

hepatitis virus were excluded for safety reasons.    
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From each woman, a uterine aspirate sample was collected by aspiration with a Cornier 

Pipelle (Eurogine Ref. 03040200) in the office of the clinician or in the operating room prior 

to surgery and transferred to 1.5 ml microtubes. Phosphate buffer saline (PBS) 1X was 

added in a 1/1 (v/v) ratio and centrifuged at 2,500 rcf for 20 min in order to separate the fluid 

fraction (supernatant) from the cellular fraction (pellet). The separated fractions were kept at 

-80°C until use. Apart from the uterine aspirate sample, tumor and/or normal endometrial 

tissue samples from all patients were provided by the pathologist after hysterectomy and 

kept frozen at -80ºC until use. Additionally, 7 mL of whole blood from two patients were 

collected in ethylenediaminetetraacetic acid (EDTA) coated tubes, and centrifuged at 1,500 

rcf for 15 min to separate the plasma from the cellular fraction; both fractions were kept at -

80ºC.  

From the 16 women enrolled in the study, the uterine aspirate, blood and tissue samples 

from one EC patient and one control were used for the shotgun proteomic analysis and for 

the development of the LC-SRM method. Uterine aspirates and tissue samples from the 

remaining seven EC and seven non-EC controls were employed for the LC-SRM analysis of 

54 preselected potential biomarkers. The clinical and pathological characteristics of these 14 

patients are summarized in Table 9. 

 

Table 9. Clinical characteristics of the women enrolled in the LC-SRM study. EEC, endometrioid 

endometrial cancer. 
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Protein identification by shotgun LC-MS analysis (data dependent 

acquisition) 

! Sample preparation  

Supernatants from uterine aspirate and blood samples were sonicated (Labsonic M, 

Sartorius Stedim Biotech) at 100% amplitude during 8 cycles of 15 seconds, and 50 µl of 

each sample was depleted from albumin and IgG using the Albumin & IgG depletion spin 

trap kit (GE Healthcare) according to the manufacturer’s instructions. Pellets from uterine 

aspirate and blood samples, as well as endometrial tissue samples, were washed 5 times 

with PBS1X and 300 µl of a lysis buffer containing 3.5 M urea, 1.0 M thiourea, 0.1% 

dithiothreitol (DTT), 5% dimethyl sulfoxide (DMSO), 10% glycerol, 2% octyl-beta-glucoside 

and 1% protease inhibitor cocktail (Sigma, catalog number P8340) were added after the last 

wash. Samples were then sonicated at 100% amplitude during 8 cycles of 15 seconds and 

centrifuged at 20,800 rcf for 4 min in order to separate the soluble fraction containing the 

extracted proteins. Total protein concentration of each sample was measured by the 

Bradford assay (Sigma-Aldrich), performed in triplicate. All samples were divided in two 

aliquots containing 7 µg of total protein to perform the proteolysis and LC-MS analysis in 

duplicate. Total protein was precipitated by the addition of 8 volumes of cold acetone 

followed by an overnight incubation at -20ºC. Afterwards, samples were centrifuged at 

16,000 rcf for 15 min and the acetone was removed. Dried pellets were resuspended by 

sequential addition of 40 µl of 0.2% Rapigest (Waters) and 100 µl of 8 M urea, followed by 

protein digestion with Lys-C endoproteinase MS grade (Thermo Scientific) at a 

protease/total protein amount ratio of 1/150 (w/w) at 37ºC overnight. The samples were then 

reduced with 3 µl of 100 mM DTT for 60 min at 37°C, and alkylated with 3 µl of 200 mM 

iodoacetamide (IAA) at 22°C for 30 min in the dark. The concentration of urea was diluted to 

1 M with 50 mM ammonium bicarbonate buffer, and samples were incubated overnight at 

37°C with trypsin (Promega) at a protease/total protein amount ratio of 1/50 (w/w). The 

protease activity was inhibited by addition of 1 µl of neat formic acid per 100 µl of solution. 

Digests were desalted with solid phase extraction (SPE) C18 cartridges (Waters), vacuum 

dried and suspended in 0.1% formic acid to have a final concentration of 1 µg/µl. 

! LC-MS analysis 

For the proteomic profiling of both supernatant and pellet fractions of uterine aspirates and 

blood, as well as endometrial tissue sample, digests were analyzed using an LTQ-Orbitrap 

Velos mass spectrometer (Thermo Scientific) operated in data dependent acquisition (DDA) 

mode. The liquid chromatography system consisted of an Ultimate 3000 RSLC nano 

configured in binary gradient mode. The setup was operated in column switching mode and 

samples were loaded onto a trap column (Acclaim PepMap100 2 cm × 75 μm i.d., C18, 3 
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μm, 100 Å) for 3 min at 5 µl/min by an aqueous solution containing 0.05% trifluoroacetic acid 

and 1% (v/v) acetonitrile. Peptides were then eluted onto an analytical column (Acclaim 

PepMap RSLC 15 cm × 75 μm i.d., C18, 2 μm, 100 Å) by applying a 66 min linear gradient 

from 2 to 35% of solvent B in solvent A at 300 nl/min. The solvents A and B consisted of 

water with 0.1% (v/v) formic acid and acetonitrile with 0.1% (v/v) formic acid, respectively. 

The electrospray ionization was performed through a fused silica emitter by applying a 

voltage of 1.5 kV. The DDA method was based on a high resolution survey scan performed 

in the orbitrap (60,000 at 400 m/z) followed by the fragmentation and analysis of the 6 most 

intense precursor ions in the LTQ ion trap at a normalized collision energy of 35. Dynamic 

exclusion of precursors already selected for MS/MS experiments was set to 90 s.  

! Protein identification 

The identification of peptides and related proteins was performed by Mascot search engine, 

using the Proteome Discoverer software (v1.4) (Thermo Scientific, Waltham, MA, USA). The 

Swiss-Prot human database (SwissProt 201108 with 531473 sequences entries, restricted 

to the 20,245 entries of the human taxonomy) was used. Trypsin specificity was set to 

cleave after arginine and lysine residues excepted when flanked by a proline on the C-

terminal side. A fragment ion mass tolerance of 0.8 Da and a precursor mass tolerance of 

10 ppm were applied. Up to one tryptic missed cleavage was tolerated. 

Carbamidomethylation of cysteines and oxidation of methionines were specified as static 

and dynamic modifications, respectively. Results were filtered by Proteome Discoverer using 

one peptide per protein, a maximum search engine rank of 1 and a false discovery rate 

(FDR) below 0.01 (calculated by the node “Target decoy PSM validator”). To set FDR at 

0.01, the expectation value for accepting a spectrum was below 4*10-3. 

Super-SILAC mix preparation 

! Cell culture and protein extraction 

Three endometrial cancer cell lines (RL95, KLE, and AN3CA) were grown in SILAC 

DMEM/F12 medium deprived of its natural lysine and arginine and supplemented with 

isotopically labeled arginine (13C15N-Arg) and lysine (13C15N-Lys), proline, dialyzed fetal 

bovine serum (FBS) and 1% penicillin-streptomycin. Labeled aminoacids and proline were 

purchased from Silantes GmbH, Germany. Cells were cultured for 10 doublings to ensure 

complete protein labeling. The incorporation of heavy amino acids into the protein 

sequences was verified by LC-MS in an LTQ-Orbitrap Velos. When the labeling rate was 

higher than 95%, the medium was replaced by serum-free medium for 48 h to reduce the 

serum protein background, and cells were harvested, pelleted by centrifuging at 2,500 rcf for 

5 minutes and resuspended in a lysis buffer containing 3 M urea, 1 M thiourea, 0.1% DTT, 
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5% DMSO, 10% glycerol, 2% octyl beta glucoside, and 1% protease inhibitor cocktail. Total 

protein from cells was extracted by sonication during 8 cycles of 15 seconds and centrifuged 

at 20,800 rcf for 4 min to separate the soluble fraction containing the extracted proteins. In 

addition, the conditioned medium of the three cell lines was collected and secreted proteins 

in the medium were precipitated by the addition of 5 volumes of cold acetone followed by an 

overnight incubation at -20ºC and 20 min centrifugation at 15,000 rcf. Dried pellets were re-

suspended in 8 M urea buffer. Bradford assays were performed to quantify the protein 

content of each cell lysate and the pyrogallol red method (Sigma-Aldrich) was used for 

protein quantification of the secretomes (since an 8 M concentration of urea is not 

compatible with the Bradford reagent). 

! Super-SILAC mix preparation 

The super-SILAC approach consists in combining an assortment of cell lines labeled by 

SILAC, a super-SILAC mix, to be used as a spike-in standard in the clinical samples 311. 

Several optimizations are necessary taking into account the following considerations:   

a) The cell lines should differ as much as possible from one another and, at the same time, 

they should represent as much as possible the proteome of the clinical samples 247. 

Therefore, the proteomes of the three cell lines and their medium were compared between 

them and also with the proteomes of the uterine aspirate and endometrial tissue samples to 

evaluate the overlap rate. A super-SILAC mix consisting of KLE medium, RL95 cells, RL95 

medium in a 1/1/1 ratio (w/w/w total protein) was selected because it was the simplest mix 

that allowed for the identification of the highest number of proteins of interest. 

b) The ratio of the super-SILAC mix to be spiked in the clinical samples must be established 

in order to favor the proper detection of both endogenous and heavy versions of the targeted 

peptides 247. Three different ratios of clinical sample-SILAC mix (1/2, 1/1 and 2/1) were 

evaluated, and the 1/1 ratio (w/w total protein) was finally selected as the optimal ratio. 

LC-SRM analysis  

! Sample preparation 

Seven patients suffering from EC and seven non-EC women with normal atrophic 

endometrium were included in this study. From each woman, a sample of uterine aspirate 

and endometrial tissue was collected. Total protein from these samples was extracted as 

performed for the shotgun LC-MS analysis (page 81), and 50 µg of protein from each clinical 

sample were mixed with 50ug of total protein of the super-SILAC mix. Each sample was split 

in two aliquots to perform the proteolysis in duplicate. First, samples were denatured by the 

addition of urea to a final concentration of 6 M. Proteins were then reduced in 5 mM DTT for 

1 hour at room temperature, alkylated in 15mM IAA for 30 min, and digested first with LysC 
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protease at a protease/total protein amount ratio of 1/50 (w/w) for 4h at 37ºC, and then with 

trypsin overnight at 37°C at an enzyme/substrate ratio of 1/50 (w/w) after dilution of urea to a 

final concentration of 1 M. Proteolysis was stopped by addition of 1 µl of neat formic acid per 

100 µl of solution, and the digests were desalted onto solid phase extraction cartridges. The 

eluates were subsequently evaporated to dryness in a vacuum centrifuge and suspended in 

0.1% formic acid before LC-SRM analysis. 

! SRM method development 

We selected 54 proteins out of the initial 506 candidate biomarkers from Chapter 1 to be 

targeted in this study. The selection of these proteins was based on their detection in the 

shotgun proteomic analysis of uterine aspirate samples and their biological interest and 

relevance in literature. For those 54 proteins, we selected the two most intense proteotypic 

peptides per protein (peptides with an amino acid sequence uniquely associated with the 

protein of interest in a given proteome), with the exception of few proteins targeted with only 

one peptide, ending up with a total of 85 peptides. The three best transitions per peptide 

were then selected based on the results of the DDA analysis.  

! LC-SRM setup 

The LC-MS setup consisted of a Dionex Ultimate 3000 RSLC chromatography system 

coupled on-line to a triple quadrupole mass spectrometer (TSQ Vantage, Thermo Scientific). 

A total of 600 ng per sample (clinical sample/SILAC mix) were injected. Additionally, 600 ng 

of the SILAC mix alone were also injected as control. The LC system was configured for a 

high-pressure binary gradient and operated in column switching mode. The mobile phase A 

consisted of 0.1% formic acid in water, the phase B in 0.1% formic acid in acetonitrile and 

the loading phase in 0.05% trifluoroacetic acid and 1% acetonitrile in water. Each digested 

sample was injected and loaded onto a trap column (75 µm × 2 cm, C18 PepMap 100, 3µm) 

at 5 µl/min and further eluted onto the analytical column (75 µm × 15 cm, C18 PepMap 100, 

2µm) at 300 nl/min by a linear gradient starting from 2 % B (98% A) to 35 % B (65% A) in 48 

min. The MS analysis was performed by the triple quadrupole mass spectrometer operated 

in SRM mode and the list of transitions was split in two methods. The MS cycle time was set 

to 2.5 seconds and the first and second quadrupoles were operated at unit resolution (0.7 

FWHM). The duration of the time scheduled windows for each pair of endogenous and 

isotopically labeled peptides was set to 2 min. The collision energy (CE) to be applied to the 

light precursors was calculated with the following formula: z=2, CE=0.03*m/z+2.905; and 

z=3, CE=0.038*m/z+2.281. The collision energy applied to the heavy precursors was the 

same as the one applied to their light counterparts. 
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! SRM data processing 

Raw data from the LC-SRM analysis were imported into the Skyline program (v3.1) (McCoss 

Lab, University of Washington, USA) for peptide quantification. All peak boundaries were 

manually reviewed, checking that the retention times and the relative SRM peak intensity 

ratios across the transitions were the same between the endogenous peptides and their 

corresponding heavy peptides, and were reassigned if needed. Information including peak 

area and area ratio of light/heavy peptide pairs was exported for further analysis. The 

averaged area ratios and the coefficient of variation (CV% = (standard deviation / mean) × 

100) were calculated between duplicates. 

For each clinical sample, peptides were considered "detected" if the signal of each 

endogenous peptide had a signal-to-noise ratio higher than 3. Noise was calculated by 

integration of the SRM traces in the light channels within the same retention time boundaries 

of the respective heavy peptides when the SILAC mix alone was analyzed. Peptides 

detected in less than 50% of the samples in any of the groups (uterine aspirate 

supernatants, uterine aspirate pellets, endometrial tissues) were excluded. The linear 

correlation between the peptides of the same protein was evaluated using the Pearson 

correlation coefficient. 

! Statistical analysis of the LC-SRM study 

The statistical analysis of this study was performed following five different workflows in order 

to evaluate the robustness of the results. A straightforward analysis (herein, the M1 

workflow) was performed with the SPSS software (v20.0) (IBM, Armonk, NY, USA). The 

comparison of the concentration levels of the monitored peptides between tumor and control 

samples was calculated using the nonparametric Mann-Whitney U test on the raw 

light/heavy ratios (without any log transformation or further normalization methods). 

Whenever the heavy-labeled peptide was not detected, the signal of the endogenous 

peptide alone was used.  

Workflows M2 to M5 included a more sophisticated statistical analysis. They were performed 

using the R Bioconductor packages MSstats and SparseQuant in collaboration with Álex 

Campos from Sanford-Burnham Medical Research Institute, La Jolla, California (USA). 

These workflows differed among themselves in the statistical modeling approaches used to 

compare relative protein differences between groups (MSstats or SparseQuant) 312, in the 

normalization methods, and in the imputation of missing values for heavy peptides. The 

normalization of the SRM data set was evaluated using the R Bioconductor package 

Normalyzer which deploys eleven different normalization approaches. Global loess 

normalization (herein, Loess G), which is based on a local regression, was selected as it 

performed slightly better than the other ten normalization approaches evaluated here. 
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Overall, Loess-G reduced variation within groups and better separated the six groups of 

samples studied (i.e., normal and tumor groups of supernatants and pellets of uterine 

aspirates and tissue samples), as evaluated by Principal Component Analysis. The analysis 

workflows employed here are summarized as follows: 

• Workflow 1 (M1): raw data > SPSS (Mann Whitney test)  

• Workflow 2 (M2): No normalization (log2 data) > MSstats 

• Workflow 3 (M3): Normalization (Loess-G) > MSstats 

• Workflow 4 (M4): Normalization (Loess-G) > Imputation > SparseQuant 

• Workflow 5 (M5): Normalization (Loess-G) > Imputation > MSstats 

The correlation between every statistical method and clinical sample (fractions of uterine 

aspirates and endometrial tissues) was calculated pairwise using R’s cor function. A 

correlation plot was generated with the pairs function from R gplots package.  

For the comparison of the protein levels between EC and non-EC controls with all the 

methods, p-values lower than 0.05 along with fold changes greater than two were 

considered statistically significant. 

RESULTS  

Proteomic profiling of uterine aspirate samples, endometrial tissue and blood 

Uterine aspirate samples present a significant blood contamination and hence, we evaluated 

if high-abundance blood proteins would hamper the detection of proteins coming from the 

endometrial tissue. The proteome of the raw blood, the endometrial tissue and the uterine 

aspirate of one control and one EC patient were mapped by LC-MS in DDA mode. In 

addition, the LC-MS detection of the 506 potential biomarkers coming from the literature 

review described in Chapter 1 was evaluated. 

A higher number of proteins were identified in uterine aspirates compared to blood and even 

tissue. For the samples collected from the EC patient, a total of 1,089 proteins were 

detected in the uterine aspirate sample, 470 proteins were detected in the endometrial 

tissue, and 277 proteins were detected in the blood sample (Figure 17A). A total of 140 out 

of the 506 candidate biomarkers were identified in the uterine aspirate sample from the EC 

patient, compared to the 94 candidates detected in the tissue sample, or the 52 detected in 

the blood sample. Importantly, 90 out of the 94 candidates detected in endometrial tissue 

(96%) could be detected in any of the fractions of the uterine aspirates (Figure 17B), thus 

confirming the potential of this biofluid as a surrogate of the endometrial tissue for the 

evaluation of EC candidate biomarkers by LC-MS.  
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Figure 17. Proteomic profiling of uterine aspirate samples, endometrial tissue and blood.A. 

Protein identification in the different sample types of the same EC patient. B. Detection of the 506 

candidate biomarkers in uterine aspirates and tissue samples. C. Detection of the 506 candidate 

biomarkers in the fractions of the uterine aspirate samples.SN, supernatant. 

 

We then evaluated which fraction (supernatant or pellet fraction) of the uterine aspirates 

allowed for the identification of more proteins of interest. A total of 141 out of the 506 

candidate biomarkers were detected in the supernatants of the two patients (121 in the 

sample derived from the EC patient and 117 in the sample from the control woman), 

whereas 88 candidate biomarkers were identified in the pellets (83 in the sample from the 

EC patient and 58 in the sample from the control woman). As shown in the Venn diagram 

(Figure 17C), 62 candidate biomarkers were exclusively found in the soluble fraction, while 

only nine were specific to the pellet fraction. 
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Evaluation of 54 EC candidate biomarkers in uterine aspirate and tissue 

samples by LC-SRM 

Since further steps of the biomarker pipeline will be performed by targeted MS-based 

approaches, we evaluated if the candidate biomarkers previously detected by untargeted 

MS could be systematically quantified by LC-SRM. Moreover, we evaluated whether those 

candidate biomarkers described at the tissue level maintained their potential to discriminate 

between EC and control patients when measured in uterine aspirate samples.     

A total of 54 EC candidate biomarkers (85 peptides) from the proteins detected by DDA 

analysis in uterine aspirates were selected based on their relevance in the literature and 

biological importance. The levels of these proteins in the uterine aspirate and endometrial 

tissue samples from seven women suffering from EC and seven non-EC controls were 

analyzed by LC-SRM using a super-SILAC approach as internal standard (Figure 18). We 

set an optimal labeled cell mixture consisting of KLE medium, RL95 cells, RL95 medium in a 

1/1/1 ratio (w/w/w total protein) and added it to each clinical sample in a 1/1 ratio (w/w total 

protein) prior proteolysis and LC-MS analysis (data not shown). 

 

 

Figure 18. Workflow using the super-SILAC approach. 
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! Quality control of the SRM results 

MS data was processed with the Skyline software and chromatographic peak integration 

was manually curated. For the 54 targeted proteins, a high incorporation rate of heavy 

amino acids in the SILAC mix was confirmed. The super-SILAC mixture alone was analyzed 

and the contribution to the light signal was below 5% for 78% of the peptides and below 10% 

for 95% of them, with an average contribution to the light signal of 4.9%. As illustrated in 

Figure 19A for the peptide LQDG[...]LAQR, the contribution of the heavy peptide to the light 

signal can appear artificially high when the intensity of the heavy peptide is also low, and 

this was the case for most of peptides showing a contribution to the light signal higher than 

10%. 

For final quantification, endogenous peptides below or very close to the limit of detection 

(signal to noise ratio lower than 3) in more than 50% of the samples in a group were 

excluded. In total, 74% of the targeted proteins (63 peptides corresponding to 41 proteins) 

were consistently detected in all the three sample groups: 47 proteins were detected in 

supernatants of uterine aspirates, 45 in pellets of uterine aspirates, and 42 in endometrial 

tissue samples. Regarding the heavy peptides, 6 proteins were not detected in the SILAC 

mix (MMP9, CAYP1, FABP5, PERM, PIGR and AL1A1).  

The mean between duplicates in the curated dataset was calculated. The CV% between 

technical duplicates was below 15% for 90%, 94% and 92% of the quantified peptides in the 

supernatants, pellets, and tissue samples, respectively; with an average CV of 7% in the 

supernatant samples and 6% in pellets and tissues (Figure 19B).  

Next, the correlation between the peptides derived from the same protein was evaluated by 

the Pearson correlation coefficient (R coefficient). In uterine aspirates and tissue samples, 

the correlation between peptides was high, with R coefficient over 0.9 for 23 out of 25 

proteins (92%) monitored with two peptides in the aspirates and 20 out of 22 proteins (91%) 

in the tissues. The R coefficients below 0.9 obtained for two of the proteins were due to 

isoform-specific peptides. However, peptides from the same proteins in the pellet fraction of 

uterine aspirates showed a lower correlation, with only 14 out of the 24 proteins (58%) 

monitored with two peptides presenting R coefficients over 0.9 (Figure 19C). This 

demonstrates that more variable results were obtained in this pellet fraction of uterine 

aspirates. 
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Figure 19. Data quality control of the LC-SRM analysis. A. Illustration of the LC-SRM traces of two 

peptides measured in a pure SILAC mixture tryptic digest. B. Distribution of the coefficient of variation 

(CV%) of the light/heavy peptide area ratios between duplicates of each supernatant of uterine 

aspirates, pellet of uterine aspirates and endometrial tissue samples. C. Pearson correlation between 

signature peptides coming from the same protein in supernatants and pellets from uterine aspirates and 

endometrial tissue samples. 

 

! Correlation of the levels of EC protein candidate biomarkers between 

endometrial tissue and uterine aspirates  

In order to evaluate the correlation between uterine aspirates and their corresponding 

endometrial tissue at protein level, the correlation of fold changes between EC and non-EC 

samples determined by different statistical methods (M2 to M5) for all 54 proteins in the 
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different samples, i.e., supernatants, pellets and tissues, was plotted (Figure 20). Overall, 

the four workflows generated very similar results for the three types of samples, showing 

almost perfect correlation for most pairwise comparisons (coefficients of correlation over 

0.88). Nevertheless, the correlation across the three sample types was relatively poor. The 

coefficients of correlation calculated between supernatant/pellet, supernatant/tissue and 

pellet/tissue were very low for all the statistical analysis workflows, ranging from 0.24 to 

0.41. 

 

Figure 20. Correlation between uterine aspirates (supernatant and pellet fractions) and 

endometrial tissue samples at protein level. Correlation plots between fold changes of all 54 targeted 

proteins in the three sample types with the four different statistical methods using MSstats or 

SparseQuant. The coefficients of correlation obtained when comparing methods (in bold) and sample 

types are shown. SN, supernatant of uterine aspirates. 
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! Differentially abundant proteins between tumor and control patients 

Despite the low correlation observed between uterine aspirates and endometrial tissue 

samples, we next evaluated if differentially abundant proteins between tumor and control 

patients at tissue level were also differentially expressed in the uterine aspirate samples. In 

order to evaluate the robustness of the results, the five different statistical analysis 

workflows were followed. From the 54 targeted proteins, 18, 22 and 21 proteins showed 

significant differences between tumor and control patients in supernatants and pellets of 

uterine aspirates and endometrial tissue, respectively (p-value <0.05; fold change higher 

than 2) (Table 10). Twelve out of the 21 differential proteins in tissue (57%) were also found 

differentially abundant in any of the fractions of the uterine aspirate samples. Nine of these 

proteins appeared differentially expressed in supernatants, pellets and tissue samples. 

These proteins are LDHA, ANXA1, ENOA, PDIA1, WFDC2 isoform1, KPYM, ANXA5, PERM 

and AL1A1. 

Regarding the different statistical analysis workflows, all the four methods performed using 

MSstats or SparseQuant gave almost identical results regarding the differential proteins 

from supernatants and tissues. More variable results were obtained in the pellet fraction of 

uterine aspirates, probably due to the heterogeneity of the biological sample itself (Table 

10). In addition, the results obtained with a more straightforward analysis using the raw data 

were also very similar and hence, this statistical approach was used in the next chapters. 

Although a lower number of proteins were found differentially abundant with this approach 

using the same threshold (p-value <0.05; fold change higher than 2), all but three differential 

proteins are in common with the results obtained using the other approaches in the three 

sample types. These results demonstrate the robustness of the differentially abundant 

proteins identified.   

DISCUSSION 

The "qualification phase" of the biomarker pipeline is used to assess whether the differential 

levels of candidate biomarkers observed in a previous discovery phase can be confirmed by 

MS-based targeted proteomic approaches that will be used in the next steps of the 

biomarker pipeline. It is also used to evaluate biological samples more suitable for a future 

clinical application, such as non-invasive or minimally invasive biofluids. Most of the proteins 

in the initial list of candidate biomarkers described in Chapter 1 have been studied in tissue 

samples, mainly by untargeted MS approaches or immunohistochemistry. In this chapter, we 

demonstrated the feasibility of measuring these proteins in uterine aspirate samples by 

highly multiplexing targeted proteomics. 
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Table 10. List of differentially abundant proteins in uterine aspirates (supernatant and pellet 

fractions) and endometrial tissues from 7 EC vs 7 non-EC patients (p-value<0.05, fold change 

>2). The differential proteins obtained with the five different statistical methods (M1-M5) are shown. For 

those peptides without internal standard available, the values of the endogenous peptides without 

normalization by the internal standard were used in method 1, whereas imputation techniques were 

applied to replace the missing values of the heavy peptides in methods 4 and 5. In pink, proteins with 

higher levels in EC samples. In blue, proteins with lower levels in EC samples. N/A, not available. 
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Uterine aspirate (or pipelle biopsy) is the endometrial fluid in direct contact with the 

endometrium that is collected by aspiration in the early steps of the process of EC diagnosis 

using minimally invasive methods, preferably a Cornier Pipelle 108. The uterine aspirate is a 

complex biofluid composed of a cellular fraction mainly containing cells flaked off the 

endometrium and blood cells, and a fluid fraction or supernatant mainly containing proteins 

secreted by the endometrial cells and intracellular proteins coming from necrotic cells. 

Several investigations have demonstrated that the comprehensive study of the proteins 

contained in this sample can provide insights into embryo implantation and infertility and can 

be a promising source of biomarkers for endometrial alterations such as endometriosis 
223,224. However, no proteomic studies have focused on the identification of EC protein 

biomarkers in this type of clinical sample. 

Regarding EC research, previous studies have demonstrated a high degree of correlation 

between the cellular fraction of uterine aspirates and their corresponding primary tumors in 

the endometrium at RNA and DNA levels 221,310. We evaluated if this correlation was also 

maintained at protein level by measuring the relative abundance of 54 EC candidate 

biomarkers by LC-SRM. Our results showed a low correlation between the endometrial 

tissue and both fluid and cellular fractions of the uterine aspirates. Nevertheless, 12 out of 

the 21 proteins found differentially abundant in endometrial tissue samples between tumor 

and control patients were also differentially expressed in uterine aspirates. These results 

pave the way to the identification of EC biomarkers in this biofluid. 

Another important objective of this study was the selection of the most appropriate fraction 

of uterine aspirates (i.e., supernatant or pellet) to be used in the subsequent steps of 

verification and validation of the candidate biomarkers by targeted proteomics. Since a clear 

correlation with the corresponding endometrial tissue was not observed for any of the 

fractions, the selection was based on the biological characteristics, LC-MS behavior, and 

clinical suitability of each fraction based on the results obtained in this chapter (Table 11). 

From a biological point of view, the supernatant fraction is easier to process since cell lysis 

is not required and the depletion of highly abundant plasma proteins is a well standardized 

process. From an analytical point of view, the shotgun LC-MS analysis of two uterine 

aspirate samples showed that a higher number of proteins could be detected in the 

supernatant fraction compared to the pellets, as well as a higher number of our initial list of 

EC candidate biomarkers, thus increasing the chances of finding a clinically useful protein 

biomarker signature in this fraction. The measurement of 54 of those proteins by LC-SRM in 

uterine aspirates samples from 14 women (7 EC patients and 7 controls) reported the 

differential expression between tumor and control samples of a higher number of proteins 

(22 proteins) in the pellet fraction compared to supernatants (18 proteins). However, the 

results obtained in the supernatant fraction were significantly more robust, since 67% of the 
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differential proteins in this fraction, but only 32% of the 22 proteins in pellets, were confirmed 

using the five different statistical analysis methods. Moreover, the correlation between 

peptides from the same protein was also higher in the supernatant fraction. From a clinical 

point of view, soluble proteins in biofluids can be directly quantified by immunoassays such 

as ELISA, widely implemented in clinical laboratories, with minimal sample handling. 

Importantly, the assessment of biomarkers in the fluid fraction of the biopsy, independent of 

the cellularity of the sample, could help to overcome the 22% of undiagnosed patients due to 

insufficient cells in the samples of the current diagnostic procedure 109. In conclusion, the 

fluid fraction, or supernatant, of uterine aspirates was selected as the most convenient 

sample for EC protein biomarker identification.  

Regarding the technical part, in this chapter we used the SRM acquisition method to 

quantify a set of 54 proteins. Our approach presented two limitations. On one side, 

selectivity and sensitivity of the SRM method can be limited when applied to complex 

biological samples. Indeed, we could consistently quantify 63 peptides (corresponding to 41 

proteins) over the initial list of 85. On the other side, a super-SILAC approach was used for 

internal standardization since several EC cell lines metabolically labeled were accessible in 

the laboratory at that moment. However, the use of super-SILAC reduces the sensitivity of 

the approach, since the addition of a whole extra proteome from the cell lines increases the 

complexity of the clinical samples 311. 

Consequently, in the next chapters we used a novel targeted MS acquisition method that 

takes advantage of high resolution accurate mass spectrometry, i.e., the PRM acquisition. 

Moreover, we used isotope-labeled synthetic peptides as internal standards, as they allow 

for a better control of the internal standard purity and more importantly, they introduce less 

complexity to the sample compared to the super-SILAC approach. LC-PRM acquisition was 

developed by our collaborators in this project, Prof. Domon´s team at Luxembourg Clinical 

Proteomics center, at this moment of the thesis 259,298. Along several internships, I had the 

opportunity to apply this leading-edge technology to the next phases of the study.  
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Table 11. Comparison between the two fractions of uterine aspirates (the fluid fraction or 

supernatant, and the cellular fraction or pellet) regarding their biological, analytical and clinical 

characteristics. 
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SPECIFIC BACKGROUND 

The ideal biomarker pipeline consists of sequential phases of discovery, verification and 

validation. As shown in Chapter 1, the vast majority of biomarker studies cover either 

discovery phases that generate large lists of candidate biomarkers using a limited number of 

samples, most of which have never been further validated; or validation studies focusing on 

a specific protein, with an increased risk of not generating concrete application and 

hampering the search of biomarker panels that improve the diagnostic performance of 

individual proteins. The intermediate verification phase is crucial for the prioritization of 

candidate biomarkers to enter a validation phase in order to increase the likelihood of 

identifying clinically relevant biomarkers 202. The lack of methods to guide the prioritization of 

candidates in the verification phase has been identified as one of the factors of poor 

translation of biomarkers from the discovery phase into a clinical application 201,204. The LC-

MS platform, operated in targeted acquisition mode, is ideal to achieve this task as proteins 

can be reliably quantified in a highly multiplexed fashion and at a fast throughput. 

In this study we aimed to i) develop a stepwise verification workflow that prioritizes, from the 

list of 506 potential biomarkers generated in Chapter 1, the most promising ones to enter 

into a further validation phase; ii) evaluate the performance of the PRM, a new generation of 

targeted acquisition method employed on a high resolution accurate mass spectrometer, on 

clinical samples of uterine aspirates; and iii) assess the potential of the fluid fraction of 

uterine aspirates as a source of protein EC biomarkers. 

MATERIAL AND METHODS 

Patient recruitment and sample collection 

Uterine aspirate samples were collected from a total of 42 patients (22 women suffering from 

EC and 20 non-EC controls, i.e., women having EC symptoms but not diagnosed with EC) 

recruited in the Vall d’Hebron University Hospital (Barcelona, Spain) during 2012 to 2015. 

Informed consent forms, approved by the Vall d´Hebron Ethical Committee, were signed by 

all patients (approval number: PR_AMI_50-2012). Inclusion criteria were postmenopause, a 

minimum age of 50 years and vaginal bleeding. Women who had been treated previously for 

gynecological pelvic cancer and patients positive for the human immunodeficiency virus 

and/or the hepatitis virus were excluded.   

As described in Chapter 2, uterine aspirates were collected by aspiration with a Cornier 

Pipelle (Eurogine Ref. 03040200) in the office of the clinician or in the operating room prior 

to surgery and transferred to 1.5 ml microtubes. Phosphate buffer saline 1X was added in a 
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1/1 (v/v) ratio and centrifuged at 2,500 rcf for 20 min in order to separate the fluid fraction 

(supernatant) from the cellular fraction (pellet). The fluid fractions were kept at -80°C until 

use. From the 42 supernatants collected, samples coming from four patients were used for 

potential biomarker selection process and the development of the LC-PRM method. The list 

of selected biomarker candidates was then verified in the 20 EC and 18 non-EC remaining 

samples by LC-PRM analysis. The clinical and pathological characteristics of these 38 

patients are summarized in Table 12. 

 

Table 12. Clinical characteristics of women enrolled in the verification study.  

 

 

Evaluation of the detection of potential protein biomarkers in uterine 

aspirates by LC-MS analysis 

Uterine aspirate supernatants from two patients diagnosed with EC and two non-EC controls 

were sonicated (Labsonic M, Sartorius Stedim Biotech) at 100% amplitude during 8 cycles 

of 15 seconds and 50 µl of each sample was depleted from albumin and IgG using the 

Albumin & IgG depletion spin trap kit (GE Healthcare) according to the manufacturer’s 
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instructions. Total protein concentration was measured by the Bradford assay, performed in 

triplicate, and each sample was divided in two aliquots of 7 µg and processed as described 

in Chapter 2 (page 81). The LC-MS detection of the 506 potential biomarkers in the fluid 

fraction of uterine aspirate samples was then evaluated using a LTQ-Orbitrap Velos mass 

spectrometer operated in DDA mode, as described in pages 81-82. Peptides and related 

proteins identification was performed using Proteome Discoverer software (v1.4) as 

explained in page 82. 

Effect of differential blood content on candidate biomarker detection in 

uterine aspirates 

Uterine aspirates from one EC and one control patients were split into four equal-volume 

aliquots and spiked with increasing volumes of full blood (0, 10, 20 and 40% (v/v)). Samples 

were centrifuged at 2500 rcf for 20 min in order to separate the fluid part from the pellet. 

Supernatants were treated and analyzed by LC-MS as described in the previous paragraph. 

The elution profile areas of the peptides of 129 potential biomarkers identified in the uterine 

aspirates of these two patients with the different percentage of blood added were extracted 

from the high resolution survey scans (the identity of peptide was confirmed by MS2) using 

the Skyline software (v3.1) (McCoss Lab, University of Washington, Seattle, WA, USA). The 

levels of the surrogate peptides of each protein across the four aliquots with increasing 

percentage of full blood were plotted. The slope of the linear regression was calculated for 

each peptide and those presenting a positive slope in both patients were rejected from the 

study. 

LC-PRM analysis 

! Sample preparation 

Fluid fractions from uterine aspirates coming from 20 EC patients and 18 non-EC controls 

were sonicated to disrupt potential microvesicles, protein aggregates, and/or mucus by 5 

cycles at 100% amplitude during 5 seconds (Labsonic M, Sartorius Stedim Biotech). 

Albumin and IgG were then depleted from 50 µl of supernatant samples using the Albumin & 

IgG depletion spin trap kit according to the manufacturer’s instructions. Total protein 

concentration was measured by the Bradford assay performed in triplicate. Each of the 38 

samples were then separated into two aliquots of 25 µg to generate duplicates for the whole 

process, with exception of one sample for which the amount of material was not sufficient for 

duplication. The samples were diluted into a 50 mM solution of ammonium bicarbonate to a 

final volume of 120 µl and were denatured by addition of 185 µl of 10 M urea suspended in 

50 mM ammonium bicarbonate, incubated at 22°C under agitation for 20 min, and followed 

by 10 min incubation in an ultrasonic bath (Branson 5510, Branson Ultrasonics). The 
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samples were then reduced with 7.8 µl of 200 mM DTT for 60 min at 37°C, and alkylated 

with 12.2 µl of 400 mM IAA at 22°C for 30 min in the dark. The samples were digested for 4 

h at 37°C with Lys-C (protease/total protein amount ratio of 1/150; w/w). Afterwards, the 

concentration of urea was diluted to 1 M with 50 mM ammonium bicarbonate buffer, and 

samples were incubated overnight at 37°C with trypsin (protease/total protein amount ratio 

of 1/50; w/w). The trypsin activity was quenched by addition of 1 µl of neat formic acid per 

100 µl of solution. A mixture of the 100 stable isotope-labeled synthetic peptides (Thermo 

Fisher, crude quality) was spiked in each sample (C terminal arginine 13C6, 15N4, Δm = 10 

Da, C terminal lysine 13C6, 15N2, Δm = 8 Da or when it was not applicable, with a heavy 

leucine 13C6, 15N1, Δm = 7 Da or phenylalanine 13C9, 15N1, Δm = 10 Da). Finally, samples 

were purified by solid phase extraction (Sep Pak tC18, 50 mg, Waters). The eluates were 

subsequently evaporated to dryness in a vacuum centrifuge and suspended in 0.1% formic 

acid before LC-PRM analysis. 

! LC-PRM setup  

The LC-MS setup consisted of a Dionex Ultimate 3000 RSLC chromatography system 

configured for a high-pressure binary gradient and operated in column switching mode. The 

mobile phase A consisted of 0.1% formic acid in water, the phase B in 0.1% formic acid in 

acetonitrile and the loading phase in 0.05% trifluoroacetic acid and 1% acetonitrile in water. 

The equivalent of 250 ng of each digested sample was injected and loaded onto a trap 

column (75 µm × 2 cm, C18 pepmap 100, 3µm) at 5 µl/min and further eluted onto the 

analytical column (75 µm × 15 cm, C18 pepmap 100, 2µm) at 300 nl/min by a linear gradient 

starting from 2 % B to 35 % B in 48 min. The MS analysis was performed by a hybrid 

quadrupole orbitrap mass spectrometer (Q Exactive plus, Thermo Scientific) operated in 

PRM mode. The MS cycle started with a full MS1 scan performed at a resolving power of 

70,000 (at 200 m/z) followed by time scheduled targeted PRM scans acquired at a resolving 

power of 35,000  (at 200 m/z) with a normalized collision energy of 20. The quadrupole 

isolation window for the PRM events was set to 1 m/z unit and the duration of the time 

scheduled windows for each pair of endogenous and isotopically labeled peptides were set 

to 2 min.  

! PRM data processing  

The areas of extracted ion chromatograms (XIC) of the five most intense fragment ions of 

each precursor (i.e., PRM transitions) were extracted using the Skyline program (v3.1) 

(McCoss Lab, University of Washington, USA). The selection of the best fragments was 

supported by a spectral library obtained from a reference LC-PRM acquisition of the 

synthetic peptide mix injected without biological matrix. The elution profiles were first 

manually reviewed and obvious interfered PRM transitions were replaced by the next most 
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intense available product ion. The data set was then refined using the cosine of the spectral 

contrast angle (cos θ) calculated between the peak areas of the five PRM transitions of the 

reference (PRM acquisition of the synthetic peptides mix) and the areas of the 

corresponding transitions for the endogenous and heavy peptides in the biological samples 
313. The formula is as follows: 

!"#  (&)  =
) *+,-./ × +1,2/3

4

/56
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84

/56
× 7) *+1,2/3

84

/56

 

Where Aexp are the areas of either the endogenous or heavy PRM transitions of selected 

product ions for a peptide measured in a sample, and Aref are the areas of the same 

transitions measured in a reference synthetic peptides mixture.  

Peptides detection and identification were confirmed if the cos θ of the endogenous and the 

isotope labeled peptide were higher than 0.98 241. Scores below 0.98 are principally due to 

MS measurements below the limit of detection and in such cases the area values were 

replaced by an estimation of the background. Peptides with cos θ below 0.98 in more than 

50% of the analyzed samples were eliminated from the study.  

For the quantitative analysis, the area ratios between the endogenous and their 

corresponding heavy peptides were compared between samples. The area ratios were 

calculated as the sum of the areas of the PRM transitions of the endogenous peptide divided 

by the sum of the same transitions of the respective isotope labeled version.   

! Statistical analysis 

The statistical analysis was performed in SPSS (v20.0) (IBM, Armonk, NY, USA) and Graph 

Pad Prism (v.6.0) (GraphPad Software, La Jolla, CA, USA). The averaged 

endogenous/heavy area ratios were calculated between duplicates. The linear correlation 

between the signature peptides of the same protein was calculated using the Pearson 

correlation coefficient (R coefficient). Due to the non-normality of the data, assessed by 

Kolmogorov-Smirnova and Shapiro-Wilk tests, comparison of the abundance of the 

monitored peptides between tumor and control samples was performed using the non-

parametric Mann-Whitney U test. P-values were adjusted for multiple comparisons using 

Benjamini-Hochberg FDR method 314. Adjusted p-values lower than 0.05 along with fold 

changes greater than three were considered statistically significant. Receiver operating 

characteristic (ROC) curves were used to calculate the relationship between sensitivity and 

specificity for EC versus non-EC control group and hence, to evaluate the diagnostic 

performance for each biomarker candidate. 
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RESULTS  

LC-PRM method development: selection of the candidate biomarkers 

A targeted MS-based approach was selected for the verification of potential EC biomarkers 

in uterine aspirates as it enables the quantification of multiple peptides within a single 

analysis. The LC-PRM is a hypothesis driven methodology that differs from the 

unsupervised MS-based approaches (e.g., data dependent and data independent 

acquisition) as the proteins must be selected prior the actual MS acquisition. With LC-PRM, 

the number of targets is limited to approximately 100-150 peptides per analysis, but in 

return, the mass accuracy and the high resolving power of the orbitrap analyzer, in 

conjunction with the use of isotope labeled peptides as internal standard, allows for 

systematic quantitative measurements in all samples achieved with a high degree of 

selectivity and precision. Therefore, a pre-selection of the protein candidates to be 

measured is required. Starting from 506 protein candidates found in the literature from 

previous studies (Chapter 1), we proposed a workflow to reduce step by step this number 

down to 52 candidate biomarkers, leading to 104 pairs of light/heavy peptides that can be 

measured by a single LC-PRM method. We verified those candidates in uterine aspirates 

from a cohort of 20 EC patients and 18 controls by LC-PRM (Figure 21). 

The starting point of this study was the extensive literature review described in Chapter 1 of 

this thesis, where we obtained a first list of 506 proteins associated with EC (Annex 1), 

which were mostly derived from studies performed in endometrial tissue samples. The 

second step of selection consisted in the assessment of the LC-MS detection of those 506 

potential biomarkers in the fluid fraction of four samples of uterine aspirates by repeated 

DDA analysis. The main goal of this step was to reduce the list of protein candidates to 

those that can be effectively detected in the fluid fraction of uterine aspirate samples. From a 

total of 1,086 proteins identified in the four uterine aspirates, 158 proteins out of the initial 

506 potential biomarkers list were detected (Annex 1). This first screening indicated that one 

third of the potential biomarkers could be easily detected by LC-MS techniques in the fluid 

fraction of uterine aspirates samples, thus confirming the potential of this sample as a 

source of protein EC biomarkers. 
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Figure 21. Stepwise workflow for the selection and prioritization of endometrial cancer candidate 

biomarkers, and their verification in uterine aspirates by LC-PRM. Adj p-value, adjusted p-value; 

FC, fold change; AUC, Area under the ROC curve. 

 

Blood contamination of biological samples is a recurrent problem in bioanalyses, particularly 

in the field of biomarker research in some biofluids 215,216. Understanding that uterine 

aspirates display a variable amount of blood between samples, we introduced a third step of 

selection to evaluate the interference of blood components during LC-MS detection of the 

potential biomarkers in uterine aspirates. To do that, the uterine aspirates of two patients 

(one control and one EC patient) were split into four equal-volume aliquots and spiked with 

increasing volumes of full blood: 0, 10, 20, 40% (v/v). All samples were digested and 

analyzed by LC-MS in duplicate. We excluded those proteins whose peptides displayed an 

increasing profile with an increasing concentration of spiked-in blood and maintained those 

proteins showing no effect or diminished levels (Figure 22). This criterion was used in order 

to discriminate protein biomarkers coming from the endometrial tissue rather than proteins 

contained in the blood proteome. Moreover, by excluding abundant proteins of blood, we 
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reduced analytical problems related to variable blood contamination among the samples. As 

a result of this analysis, 32 proteins were likely to be derived from the blood contamination of 

the uterine aspirates and were excluded from further analysis. 

 

Figure 22. Effect of blood content on candidate biomarker detection. Experimental design and 

examples of concentration profiles of 3 potential biomarkers showing increasing and 3 decreasing 

profiles when uterine aspirate is diluted by increasing amount of full blood.  
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The remaining 97 uterine aspirate specific candidates were scaled down to 52 proteins 

based on their consistency in literature (Annex 1). The 52 candidates had undergone at 

least one level of additional validation at the protein level using a different technology, 

biospecimen type or different cohorts of patients in the same publication or in independent 

reports. A total of two peptides per each of these 52 proteins (104 peptides) were selected 

according to their uniqueness, detection and chromatographic behavior.  

Quality control of the LC-PRM data 

The 52 proteins of interest were verified in the fluid fraction of uterine aspirates by targeted 

MS. Uterine aspirates from 20 EC patients and 18 non-EC controls were digested in 

duplicate and analyzed by a quadrupole-orbitrap MS operated in PRM mode using a mix of 

the stable isotopes labeled (SIL) peptides of the 104 peptides (i.e., heavy peptides) as 

internal standards. Four of these SIL peptides could not be synthesized, leading to a final list 

of 100 monitored peptides in the method (available in the Panorama Public repository: 

https://panoramaweb.org/labkey/project/Panorama%20Public/2016/Domon%20-

%20EC/begin.view?). The signals of the five most intense product ions for each precursor 

were extracted from the MS2 spectra to generate elution profiles. The identity of the 

peptides, as well as the potential interferences on the PRM traces, were evaluated by a 

similarity score based on the cosine of the spectral contrast angle (cos θ) calculated with the 

top five fragment ions of each precursor. This score was calculated against a reference LC-

PRM analysis of the isotopically labeled peptides without biological matrix (Figure 23A). The 

signal of a peptide was accepted if the cos θ was higher than 0.98 for both the endogenous 

and the stable isotope labeled standard 241. Values lower than 0.98 due to an interfered 

PRM transition were replaced by the next most intense available PRM transition. Six 

peptides were monitored with four transitions due to the absence of a clean fifth transition. 

Following this, a positive spectral matching was achieved for 95.1% of a total of 7,350 pairs 

(ratio light/heavy). The unmatched 4.9% pairs were due to two conditions: i) measurements 

below the limits of detection (4.7%), which were replaced with an estimation of the 

background value. In this account, peptides below the limit of detection in more than 50% of 

the samples, only two peptides -VHITSLLPTPEDNLEIVLHR and VTILELFR- fulfilled this 

condition, were removed from the study; and ii) measurements for which less than four clean 

PRM transitions are detected (0.2%). These 0.2% were due to data very close to, but below, 

cos θ = 0.98 and only one replicate was affected in all cases; thus the value of the accepted 

replicates was kept. These results illustrate the efficiency of the PRM acquisition in complex 

clinical samples. The use of internal standards and the availability of all transitions 

guarantee the correct identification of each peptide, reduce interferences and facilitate the 

detection and exclusion of potential interferences in large datasets. The mean between 
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duplicates in the cleansed dataset was calculated, as well as the correspondent coefficient 

of variation (CV%). The CV% of the duplicated sample preparation for each uterine aspirate 

sample was below 15% for 99% of the detected peptides, with an averaged CV of 3.6%. 

This confirmed the high reproducibility level of the full process (Figure 23B). Finally, the 

correlation between the peptides derived from the same protein was evaluated by a Pearson 

correlation coefficient (Figure 23C) and 39 out of the 46 (85%) proteins monitored with two 

peptides showed a very high correlation, with a R coefficient over 0.95. Only 3 proteins -

ROA2, OSTP, and KPYM- presented an R coefficient below 0.9, which were due to the 

specificity of the monitored peptides to different isoforms of the same protein.  

Differentially abundant proteins between endometrial cancer and control 

uterine aspirates 

In order to assess the potential of the 52 selected proteins to detect EC, we compared the 

abundance of each candidate biomarker between 20 EC patients and 18 non-EC controls. 

Importantly, both patients and controls were postmenopausal women suffering from an 

abnormal vaginal bleeding, as these clinical features are present in 93% of patients suffering 

from EC. However, only 8-15% of those will be finally diagnosed with EC 7.  

Based on the Bradford assays, 250 ng of the total protein concentration after albumin and 

IgG depletion was injected for each sample. The constant amount of injected protein among 

samples was further confirmed by the integration of the total ion chromatogram of the MS1 

scans. After MS data curation, the relative levels (light/heavy ratios) of the final 98 monitored 

peptides in MS2 were subjected to Mann Whitney test for their comparison between tumor 

and control samples. Forty-eight peptides corresponding to 26 proteins showed significant 

differences between the two groups with adjusted p-value <0.05 (Benjamini corrected) and 

fold change greater than 3: PERM, CADH1, SPIT1, ENOA, MMP9, LDHA, CASP3, KPYM, 

PRDX1, OSTP, PDIA1, NAMPT, MIF, CTNB1, K2C8, ANXA2, CAPG, FABP5, MUC1, 

CAYP1, XPO2, NGAL, SG2A1, ANXA1, HSPB1, PIGR. All these proteins showed higher 

levels in tumor samples as compared to control samples (Table 13). Interestingly, from the 

18 differentially abundant proteins in the fluid fraction of uterine aspirates obtained in the 

study described in Chapter 2, 17 were also included in this study and 14 were confirmed as 

diagnostic biomarkers in this independent set of patients. 
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Figure 23. Principle of PRM data quality control. A. Peptide identity confirmation by comparison 

between PRM elution profiles of endogenous and internal standards of each candidate biomarker in the 

samples and a reference acquisition using the cosine of the spectral contrast angle (θ). B. Coefficient of 

variation (CV%) of the peptide signals quantified in the 38 uterine aspirates processed and analyzed by 

LC-PRM in duplicates. C. Pearson correlation between signatures peptides coming from the same 

protein.  
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To further evaluate their performance as biomarkers for EC diagnosis, we performed a ROC 

analysis to determine the sensitivity and specificity of each biomarker. Interestingly, these 

differentially abundant proteins showed Area Under the ROC Curve (AUC) values for 

discriminating between EC and controls patients ranging from 0.75 to 0.97. The 10 best-

performing individual proteins were PERM, CADH1, SPIT1, ENOA, MMP9, LDHA, CASP3, 

KPYM isoform M1-M2, PRDX1 and OSTP isoform A, all of them with AUC values higher 

than 0.9 (Figure 24). Among those proteins, PERM, CADH1, SPIT1 and OSTP isoform A 

were of special interest as each of them presented sensitivities higher than 80% when 

specificity was fixed to 95% (Table 13). This is particularly important in EC diagnosis, as 

biomarkers with high specificity could complement the output of non-invasive techniques 

such as the transvaginal ultrasonography, which currently presents very high sensitivity but 

lack of specificity 103. 

Furthermore, we conducted a bioinformatics analysis using Ingenuity Pathway Analysis 

(IPA) to better understand the association of these proteins with cancer and their origin 

regarding the subcellular location. As expected, integration of the data resulted in the 

identification of cancer, inflammatory disease, organismal injury and abnormalities, and 

reproductive system disease as the top diseases associated to these biomarkers. The top 

five molecular and cellular functions involved with these proteins included cellular 

movement, cellular death and survival, cellular development, cellular growth and 

proliferation, and cell-to-cell signaling and interaction, all of them important processes 

altered in cancer. These proteins are mainly found in the cytoplasm, plasma membrane and 

extracellular space (Table 13), indicating that they are coming either from secretion of the 

epithelial and inflammatory cells of the endometrium or by necrosis of cells in the proximal 

tissue. This is in concordance with the observation that all biomarkers in this study were 

found more abundant in EC patients as compared to controls, as both processes are related 

to the higher proliferation rate of epithelial cells in EC. 
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Table 13. Proteins showing statistical differences between EC (n=20) and control patients (n=18) 

with adjusted p-value <0.05 and fold change >3. FC, fold change; AUC, area under the ROC curve; 

SN, sensitivity; SP, specificity; Isof, isoform. 
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Figure 24. Scattering plots of the levels of the peptides coming from 10 biomarkers in the 

verification study. Scattering plots depicting the distribution of the light/heavy (L/H) ratios across the 

20 EC patients and 18 controls of the best individual performing biomarkers (AUC>0.9). 
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DISCUSSION  

About 30% of EC patients are diagnosed at advanced stages of the disease, associated with 

a drastic increase in the mortality and morbidity 27. Therefore, the identification of sensitive 

and specific biomarkers to improve early detection of EC is an important clinical need. As 

discussed in Chapter 1, despite the major effort and investments made to identify EC 

biomarkers, no protein has yet reached the stage of clinical application. The poor translation 

of the results produced by those studies in the clinic can be explained by two determinant 

factors: on the one side, the lack of studies in biofluids to identify accessible EC biomarkers. 

Most of the studies were based in tissues, and/or those that used biofluids were limited to 

serum or plasma 315–317. Blood presents several important advantages, as it is in direct 

contact with all body tissues, and its collection is rapid, easy and minimally invasive. 

However, the search of biomarkers in plasma or serum is extremely challenging due to the 

low concentration of the potential biomarkers and the wide dynamic range in protein 

abundance 197. In addition, the fact that blood flows through all organs also hampers the 

identification of biomarkers of a disease occurring in a specific part of the body. On the other 

side, the lack of verification studies as a bridge between discovery and validation phases, 

which has been defined as the current bottleneck of the biomarker pipeline 201,202. Discovery 

studies generate large lists of differentially abundant proteins. Many of those candidate 

biomarkers are never validated or turn to be false positives due to the small number of 

samples analyzed, the biological variability and/or the limited quantitative performance of the 

technologies employed in this phase. There is a need to verify and refine those lists to the 

best candidates that can enter a validation phase. This is the critical role of the verification 

phase. In order to overcome these limitations, we presented a stepwise workflow to select 

potential EC biomarkers and verified them by targeted MS-based analysis in the fluid 

fraction of uterine aspirate samples. 

Targeted MS-based approaches have gained in popularity for biomarker verification in 

complex clinical samples because they combine precision, sensitivity, multiplexing and 

absence of missing values. Among those, SRM acquisition mode performed on a triple 

quadrupole mass spectrometer has been the reference method for the accurate 

quantification of peptides in biological matrices 292,318,319. However, SRM is limited in 

selectivity and requires a substantial method development. We implemented the PRM 

acquisition, a new generation of targeted MS-based approach, performed on high-resolution 

accurate mass spectrometers (HRAM) such as the hybrid quadrupole-orbitrap. To date, the 

advantage of PRM for large scale analysis has been evaluated 241,298 but not yet commonly 

introduced as a technique for biomarker searches in clinical 299 or cell lines samples 300–302. 

The high resolution and the accurate mass (i.e., 35,000 at 200 m/z and below 5 ppm) of the 
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orbitrap analyzer decrease the risk of inferences due to the complexity of the chemical 

background and we obtained clear and easily readable chromatograms profiles. This aspect, 

in conjunction with the use of spectral matching as a quality metric, significantly facilitates 

the data processing to compare with SRM data, for instance only 0.2% of the 

chromatographic peak needed to be manually curated in this study. A straightforward and 

highly automatable data processing is an important requirement of large scale studies. The 

PRM acquisition allowed for the quantification of 100 pairs of peptides at the reasonable 

throughput of one analysis per hour with an excellent precision (i.e., the CV% between full 

workflow duplicates was below 15% for 99% of the detected peptides). Finally, the design of 

an LC-PRM method is easier and faster than for LC-SRM, as the selection of the fragment 

ions to quantify is performed post-acquisition and the list of transitions can be refined 

iteratively to remove potential interferences coming from the background, without the need 

of a new analysis 259.  

Another strength of this study is the use of the fluid fraction of uterine aspirates as a 

biological sample for biomarker detection. A useful diagnostic biomarker not only has to 

ameliorate the discrimination between patients suffering the disease and benign cases, but 

also should be economically profitable and advantageous in the clinical scenario. In the case 

of diagnostic biomarkers for EC, accelerate the diagnostic process, improving the comfort of 

patients, and reducing the healthcare costs are very important values. After evaluating the 

feasibility of the analysis of uterine aspirates by MS in Chapter 2, we here confirmed the 

convenience of the fluid fraction as a source of EC biomarkers.  

Our final achievement was to eliminate doubtful candidate biomarkers derived from the 

variable amounts of blood contamination in uterine aspirates and successfully verify the 

differential levels between EC and non-EC patients of 26 proteins in this sample. A 

bioinformatics analysis confirmed their individually and collectively association with cancer, 

and showed that they maintain a strong association with commonly altered molecular 

processes in cancer such as cellular movement, cellular death and survival, etc. Among all 

candidates, ten provided high sensitivity and specificity, with AUC values over 0.9, and four 

of those, PERM, CADH1, SPIT1 and OSTP, were highlighted as they achieved sensitivity 

over 80% when fixing a specificity of 95%. The protein biomarkers verified in this study merit 

further validation in an extended study with a larger cohort of patients and controls to 

confirm their diagnostic power and evaluate their clinical applications. A limitation of the 

present study is that we did not use combinations of multiple markers to avoid overfitting due 

to the relatively small number of subjects included 320. Although the diagnostic power of the 

individual proteins was already high, the development of panels of proteins that improve 

their diagnostic performance must be evaluated in the next step. 
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In conclusion, this study brings forward the proteomic search of EC biomarkers in the fluid 

fraction of uterine aspirates following an appropriate workflow. Moreover, this study proves 

the efficiency of high resolution MS operated in PRM mode in order to verify a large number 

of potential biomarkers to fill the gap between discovery and validation studies. The 

described workflow permitted to reduce step by step an initial list of 506 potential biomarkers 

down to ten proteins with an increased likelihood to reach the stage of a clinical assay after 

a subsequent validation phase. 



 

 



 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

CHAPTER 4   

Biomarker validation 

Adapted from:  

"Targeted proteomics identifies proteomic signatures in liquid-biopsies of the 

endometrium to diagnose endometrial cancer and assist in the prediction of 

the optimal surgical treatment" 

Martinez-Garcia E, Lesur A, Devis L, Cabrera S, Matias-Guiu X, Hirschfeld 

M, Asberger J, van-Oostrum J, Casares de Cal MA, Gómez-Tato A, 

Reventos J, Domon B, Colas E, Gil-Moreno A 
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SPECIFIC BACKGROUND 

The "validation phase" is a key step in the biomarker pipeline to decide whether there is 

sufficient power to justify moving candidates to the final clinical evaluation. In this phase, the 

good performance of the biomarkers (high sensitivity and specificity) must be confirmed, but 

a clear contribution to existing clinical practices must be also demonstrated. This phase 

requires large numbers of samples to ensure statistical rigor and to represent as much as 

possible the diversity of the clinical conditions of the target population 181. Consequently, 

high-throughput analytical methods are highly desirable. 

On the other side, cancer is a multifactorial and heterogeneous disease, and it is unlikely 

that a single biomarker will display sufficient discriminatory power to significantly affect 

clinical decisions. Therefore, the search for biomarker signatures that provide more 

complete information is crucial 176, and highly multiplexing analytical methods would facilitate 

this task.  

In the previous chapter, we demonstrated that the fluid fraction of uterine aspirates are 

minimally invasive samples with significant value for the screening of EC protein biomarkers. 

Following this investigation, here we employed the same analytical approach, LC-PRM 

acquisition, to evaluate the diagnostic performance of the 52 proteins in uterine aspirate 

samples obtained from 116 patients covering the broad clinical heterogeneity of EC cases 

and benign pathologies entering the EC diagnosis process. In addition, the potential of those 

proteins to differentiate between histological EC types was assessed. Finally, protein panels 

were developed to achieve the best performance to diagnose EC and discriminate between 

the two main EC histological subtypes. The correlation between MS-based results and high-

throughput ELISA was also evaluated.  

MATERIAL AND METHODS 

Patients and sample description 

A total of 116 women were recruited in the Vall Hebron University Hospital (Barcelona, 

Spain), the Hospital Universitari Arnau de Vilanova (Lleida, Spain) and the Freiburg 

University Medical Center (Freiburg, Germany) from 2012 to 2015. Informed consent forms, 

approved by the Ethical Committees of each Hospital, were signed by all patients. All 

women were patients entering the EC diagnostic process due to EC suspicion, i.e., patients 

showing an AUB and/or a thickness of the endometrium higher than 4mm for 

postmenopausal women 101 and 8mm for premenopausal women based on the results of a 

transvaginal ultrasonography 105. From the 116 women, 69 were diagnosed with EC, 
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including 49 endometrioid EC (EEC) and 20 non-endometrioid serous ECs (SEC). The 

remaining 47 women were non-EC women with normal endometrium or diagnosed with 

benign disorders.  

As proceeded with all samples employed in the previous chapters, uterine aspirates were 

collected by aspiration with a Cornier Pipelle (Eurogine Ref. 03040200). Phosphate buffer 

saline 1X was added in a 1/1 (v/v) ratio and centrifuged at 2,500 x g for 20 min. The fluid 

fraction of each uterine aspirate, ranging volumes from 100 µl to 1 ml, was separated from 

the cellular fraction and kept at -80°C until use. 

Sample preparation for LC-PRM analysis 

The sample preparation for the LC-PRM analysis was performed as described in Chapter 3 

(pages 101-102). The only difference was that each of the 116 samples was divided in two 

aliquots of 12.5 µg prior to proteolysis (instead of 25 µg). Each sample was diluted into a 50 

mM solution of ammonium bicarbonate to a final volume of 60 µl and the volume of each 

subsequent reagent added was adapted accordingly in order to maintain the same final 

concentrations.  

LC-PRM setup and PRM data processing  

The LC-PRM setup and subsequent PRM data processing were performed as described in 

Chapter 3 (pages 102-103). 

Statistical analysis 

The light/heavy area ratio of each peptide was extracted from Skyline and the average 

between duplicates was calculated. The correlation between the signature peptides of the 

same protein was calculated using the Pearson correlation coefficient. The statistical 

analysis was performed in SPSS (v20.0) (IBM, Armonk, NY, USA) and Graph Pad Prism 

(v.6.0) (GraphPad Software, La Jolla, CA, USA). Comparison of the levels of the monitored 

peptides between groups of patients was performed using the nonparametric Mann-Whitney 

U test, since the data did not follow a normal distribution. P-values were adjusted for multiple 

comparisons using the Benjamini-Hochberg FDR method 314. Adjusted p-values lower than 

0.05 were considered statistically significant. ROC analysis was used to assess the 

specificity and sensitivity of the biomarkers and the AUC values were estimated for each 

individual protein.  

 

 



Chapter 4: biomarker validation 
 

121 
 

R
es

u
lt

s 

Development of the classifiers  

A logistic regression model was adjusted to the data in order to assess the power of the 

different combinations of proteins to classify samples in two clinical categories. ROC curves 

were generated for each of these regression models; the AUC, and the sensitivity and 

specificity at the "optimal" cutoff point for discrimination between groups were obtained. The 

optimal cut-off corresponded to the threshold that maximized the distance to the identity 

(diagonal) line. The optimality criterion was: max (sensitivities + specificities). AUCs 95% 

confidence intervals (CI) were computed with the Delong's method 321. The 95% CIs of the 

sensitivity and specificity values were computed with bootstrap resampling and the 

averaging methods described by Fawcett 322. All ROC analysis were performed using the R 

"pROC" package 323. To assess the robustness of each protein panel, the “leave-one-out” 

cross-validation procedure was performed by applying to each sample in the dataset the 

logistic regression model adjusted to the remaining samples on the dataset, hence deriving 

a new ROC curve and afterwards performing the usual ROC analysis. In a similar way, the 

discrimination power of the diagnostic protein panel was further validated by applying to 

each sample of the independent set of 38 samples from Chapter 3 (cohort 2) the logistic 

regression model adjusted to the initial set (cohort 1), hence deriving a new ROC curve and 

afterwards performing the usual ROC analysis.  

ELISA 

The concentrations of MMP9 and KPYM isoform M1/ M2 were quantified in the soluble 

fraction of uterine aspirates with commercially available ELISA kits (R&D Systems and 

USCN life Science and Technology Company, respectively) according to the manufacturer´s 

protocol. For MMP9, 105 uterine aspirate samples were analyzed using 1/10; 1/100 or 

1/1000 dilutions. For KPYM, only 39 uterine aspirate samples could be analyzed using 1/2, 

1/4 or 1/10 dilutions due to a lack of sample material. All samples were assayed in duplicate 

and the average values were reported as ng/mL. The linear correlation between the results 

from LC-PRM and ELISA was calculated using the Pearson correlation coefficient. 

RESULTS 

Subject characteristics 

A total of 116 patients entering the EC diagnostic process due to common symptoms in EC, 

mainly AUB (86%), and/or a thickened endometrium based on transvaginal ultrasonography 

(79%), were included in the study. The mean age of the patients was 61 years (range, 30-93 

years) with 79% postmenopausal women and 21% premenopausal women. Among the 69 

EC cases, the two most common histological types, endometrioid and serous histologies, 
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were represented in 49 (71%) and 20 (29%) cases, respectively. A total of 47 non-EC 

women included as controls suffered from benign uterine pathologies (polyps (36%), 

myomas (15%), and endometrial hyperplasia (19%)), or were women with a normal 

endometrium (30%). Clinical and demographical data from women included in this study are 

summarized in Table 14. 

 

Table 14. Clinical characteristics of women enrolled in the validation study. *One case with 

undetermined grade. 

 

 

Final diagnosis was performed on the basis of the highest level of diagnostic evaluation. For 

all EC cases, this was the histopathological analysis of the surgical specimen after 

hysterectomy. For non-EC controls, final diagnosis was achieved with the histological 

examination of uterine aspirates (12%), or hysteroscopy-guided biopsies (88%). 
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Figure 25. Overview of the validation study design. Schematic representation of the steps followed 

for the development of the EC diagnostic panel (upper part), and the predictive panel (bottom part). FC, 

fold change. 

 

LC-PRM analysis 

The general workflow followed in this study is shown in Figure 25. The fluid fraction of 

uterine aspirates of 116 patients were processed in duplicate and analyzed by PRM 

acquisition. In each sample, the relative abundance of the 52 candidate biomarkers 

prioritized in Chapter 3 was measured by the analysis of the same 98 peptides (~2 peptides 

per protein). A spectral similarity score was calculated to confirm the identity of the peptides 

and to detect interferences in the MS signal. Five peptides not detected in more than 50% of 

the samples were removed, leading to a total of 51 proteins robustly measured with 93 

peptides. This data set included 21,576 measured pairs of endogenous/synthetic peptides 

(L/H) and 92.7% were validated by spectral matching. The rejected values were due to 

different causes including MS signal below the limits of detection that were replaced by an 

estimation of the background (6.8% cases), and high signals showing interferences that had 

to be manually reviewed (0.5%). The reproducibility of the analytical workflow was evaluated 

by duplication of the sample preparation and the coefficient of variation between duplicates 

(CV %) was below 15% for 98% of the detected peptides, with an average of 3.6%, 

confirming the high reproducibility of the full process (Figure 26A). Moreover, peptides 

derived from the same protein showed a high correlation, and consequently, they could be 

used interchangeably to evaluate the protein levels (Figure 26B). Only three proteins 

(KPYM, OSTP and ROA2) displayed a correlation coefficient below 0.85, which was due to 
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the specificity of the monitored peptides to different isoforms. In those cases, their peptides 

were considered as derived from different proteins. 

 

 

Figure 26. LC-PRM data quality control. A. Coefficient of variation (CV%) of the peptide signals 

quantified in the 116 uterine aspirates processed and analyzed by LC-PRM in duplicates. B. Plot 

representing the Pearson correlation coefficients between the peptides coming from the same protein. 

 

Diagnostic biomarkers 

The relative concentration levels of the 51 proteins were compared in 116 uterine aspirate 

samples belonging to 69 EC patients and 47 control patients in order to identify the proteins 

that optimally allows for the detection of EC. A total of 28 proteins showed significantly 

higher levels in the fluid fraction of uterine aspirates from EC patients (adjusted p-value 

<0.05, and fold change >2) and presented high accuracy to individually discriminate 

between EC and control cases (AUC values higher than 0.75) (Table 15). These results 

further confirmed previous results described in Chapter 3 in which the levels of these 

proteins were measured in a simplified set of only postmenopausal women including 20 

EEC cases and 18 age-matched controls (Table 15). The best proteins in that dataset were 

also the best in this wider cohort of patients. Although postmenopausal women represent 

the vast majority of patients with EC, up to 14% of EC patients will be in the premenopause 
69 and should be considered when evaluating biomarkers for EC diagnosis. Consequently, 

21% patients included in the present study were premenopausal patients. Moreover, less 

frequent but more aggressive SEC cases were also included. Importantly, the validated 

biomarkers showed potential to detect EC independently of the endometrial status and the 

histological type of the EC cases. The five best individual biomarkers, measured by the AUC 

values, were LDHA with 0.91 (95% CI, 0.856-0.957), KPYM isoform M1-M2 with 0.90 (95% 

CI, 0.841-0.953), MMP9 with 0.89 (95% CI, 0.827-0.950), NAMPT with 0.88 (95% CI, 0.824-

0.942), and SPIT1 with 0.88 (95% CI, 0.814-0.948). 
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Table 15. Statistical results of the 28 proteins showing significant differences between EC 

patients (n=69) and non-EC control women (n=47). Proteins with potential as diagnostic markers are 

shown. All of them have an adjusted p-value <0.05, fold change >2 and AUC>0.75. The performance of 

these proteins as early stage EC biomarkers was assessed by comparing EC cases in the early stage 

IA versus non-EC controls. The statistic results of the study performed in Chapter 3 with these proteins 

in a limited cohort of 38 age-matched patients is shown. Note: ** Performance of KPYM is isoform 

specific. FC, fold change. 

 

 

! Early-stage EC diagnostic biomarkers 

Early detection of EC is directly associated to high rate of survival for the patients. Thus, the 

suitability of the 51 proteins as markers for early detection of EC was evaluated. A total of 30 

EC cases diagnosed at IA stage according to the FIGO staging, i.e., tumors confined to the 

uterine corpus with less than 50% myometrial invasion 119,120, were compared with the 47 

non-EC controls. All proteins previously identified for EC diagnosis were found differentially 

abundant with adjusted p-value<0.05 and fold-change >2, except for OSTP and MUC1 
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(Table 15). Remarkably, the five proteins showing the best performance in discriminating all 

EC cases from non-EC controls were also able to accurately discriminate the very initial 

stage of the disease with AUC values over 0.84 (Table 15). In addition, PERM increased its 

individual potential to detect early stage EC as follows: AUCEC was 0.86 (95% CI, 0.786-

0.929) and AUCearly-EC was 0.90 (95% CI, 0.841-0.969). 

 

Table 16. List of proteins showing statistical differences between patients diagnosed with 

endometrial hyperplasia (n=9) and the other non-EC controls (n=38) with adjusted p-value <0.05 

and fold change > 2. 

 

 

! Endometrial hyperplasia 

Endometrial hyperplasia is a thickening of the endometrium caused by the excess of 

estrogen stimuli. Although it is a benign disease, it is considered a precursor lesion of EC, 

and should be distinctively diagnosed 13. As described above, our biomarkers allowed for the 

accurate discrimination between EC and non-EC controls, including hyperplasia cases 

(Figure 27A and Table 15). Interestingly, 16 proteins were found differentially abundant with 

adjusted p-values <0.05 and fold changes higher than 2 (Table 16) between hyperplasias 

(n=9) and the other non-EC controls (n=38). Four of them, NAMPT, ENOA, CATD and 

GSTP1 showed AUC higher than 0.85. These biomarkers, if validated, open the avenue to 

individually diagnose hyperplasias from EC and other benign conditions.  

! Diagnostic biomarker panel  

By using a homemade R script, individual EC biomarkers were combined into all possible 

panels from two to five proteins. The combination of MMP9 and KPYM significantly 
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improved the diagnostic power of the individual biomarkers, achieving an AUC value of 0.96 

(95%CI, 0.94-0.99), with 94.2% sensitivity and 87.2% specificity (Figure 27B-D). The 

addition of more proteins only enhanced marginally the performance of the 2-protein panel 

and therefore, were not considered. The robustness of the panel was assessed using two 

methods: a “leave-one-out” cross-validation procedure performed over the set of 116 

samples (cohort 1), and a validation of the model over the independent set of 38 samples 

from Chapter 3 (cohort 2). The results of the logistic regression model underlying the ROC 

analysis in both independent datasets are shown in Figure 27D. The MMP9-KPYM panel 

achieved sensitivity (specificity) of 88.86% (85.1%) and 100% (83.33%) in the first and 

second cross-validation, respectively.  

The diagnostic biomarker panel can differentiate EC from non-EC control patients with high 

accuracy in the fluid of the uterine aspirate samples. Importantly, in the cohort of patients 

included in this study, the histopathological examination of uterine aspirates did not provide 

a proper diagnosis to 17% of women, either due to insufficient material or incorrect 

diagnosis. Moreover, the misdiagnosed patients were EC patients, which were diagnosed 

with no malignancy. For this 17% of women, the biomarker panel combining MMP9 and 

KPYM achieved a correct diagnosis. Consequently, our biomarker panel was able to 

perfectly complement the current diagnostic procedure to provide final diagnosis to all 

women by using this minimally-invasive sampling.   

! Transferability to ELISA 

In order to evaluate the feasibility of developing an assay that could be more easily deployed 

in a clinical environment, we assessed the transferability of the diagnostic panel MS-based 

results to ELISA assays. The levels of the two proteins of the diagnostic panel, MMP9 and 

KPYM, were quantified by commercially available ELISA kits and the correlation with the 

results obtained by LC-PRM was evaluated. The quality of the ELISA performance was 

assessed by the median overall CV (%), which was 1.8% for MMP9 and 6.0% for KPYM. 

Absolute levels in the ELISA (ng/ml) and relative levels (light/heavy ratios) in the PRM 

acquisition showed a linear correlation for both biomarkers, with an R2 value of 0.93 for 

MMP9 and 0.61 for KPYM (Figure 27E).  
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Figure 27. Diagnostic performance of biomarkers in discriminating EC patients from non-EC 

controls in the fluid fraction of uterine aspirates. A. Principal Component Analysis (PCA) plot 

constructed with the data of the differential proteins of the 116 patients included in the study. The plot 

clearly shows that most of the variance plotted in the X axis allows for the differentiation of EC patients 

compared to endometrial hyperplasias and other non-EC controls. B. Scattering plots depicting the 

distribution of the light/heavy (L/H) ratios obtained by LC-PRM across the 69 EC patients and 47 

controls of the two proteins that compose the diagnostic panel. C. ROC curves of EC versus non-EC 

controls women for the individual proteins of the panel and the 2-protein panel. D. Summary table of the 

results of the logistic regression model adjusted to the data of cohort 1 (n=116) underlying the ROC 

analysis. The robustness of the panel was assessed by performing a "leave-one-out" cross-validation 

(CV) for each sample in the cohort 1, and by applying the model to an independent cohort 2 (n=38) from 

the previous study described in Chapter 3. SN (sensitivity) and SP (specificity) values obtained after 

"leave-one-out" cross-validation in cohort 1 and validation in cohort 2 are shown. E. Correlation between 

LC-PRM and ELISA results evaluated in 105 patients for MMP9 (68 EC patients, in black; and 37 
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control patients, in red), and 39 patients for KPYM (32 EC patients, in black; and 7 control patients, in 

red). 

 

Predictive biomarkers 

As explained in the introduction, EEC is the most common histology in EC and has a good 

prognosis when compared with non-endometrioid EC cases (NEEC) 69. NEEC represents 

less than 20% of all EC cases but accounts for more than 50% of recurrences and deaths 

from EC. Among NEEC, the serous EC (SEC) is the most common subtype. We 

investigated the abundance of the 51 proteins in the cohort of 49 EEC and 20 SEC cases. 

The levels of nine proteins were significantly increased in uterine aspirate samples from 

EEC patients (adjusted p-value<0.05) (Figure 28A). Among those, six proteins had fold 

change higher than 2 and presented the highest individual AUC values: PIGR with 0.85 

(95% CI, 0.734-0.958), CAYP1 with 0.83 (95% CI, 0.725-0.942), CTNB1 with 0.78 (95% CI, 

0.670-0.895), SG2A1 with 0.77 (95% CI, 0.661-0.880), VIME with 0.76 (95% CI, 0.645-

0.881), and WFDC2 with 0.74 (95% CI, 0.624-0.855). 

! Predictive biomarker panel 

Following the same procedure as described before, all possible combinations of two and 

three proteins were evaluated among the diagnostic and predictive biomarkers to identify 

panels of proteins that will improve the outcome of individual biomarkers. A combination of 

three proteins, consisting of CTNB1, XPO2 and CAPG was the best-performing panel to 

discriminate between EEC and SEC in the fluid of uterine aspirate samples with an AUC of 

0.99 (95% CI, 0.90-1) (Figure 28B). This panel achieved 95% (CI 95% 85%-100%) 

sensitivity and 95.9% (CI 95% 89.8%-100%) specificity (Figure 28C). After completion of the 

“leave-one-out” cross-validation the values were 95% sensitivity and 89.8% specificity. 

DISCUSSION 

In this chapter we defined two protein biomarker signatures to detect EC and to distinguish 

between EEC and SEC histologies by using a liquid biopsy obtained from the female genital 

tract (i.e., the fluid of uterine aspirates). The current diagnostic procedure is based on the 

histological examination of the limited cellular content in this sample and it is associated to 

important drawbacks: an average of 22% of undiagnosed patients due to histologically 

inadequate samples 109, and up to 50% of incorrect histotype and/or grade assignment of 

EC cases 140. Our approach help to overcome these limitations by the identification of 

biomarkers in the fluid fraction of uterine aspirates.  
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Figure 28. Predictive performance of biomarkers in classifying EC cases in the most prevalent 

histological subtypes, associated with different surgical treatments, in the fluid fraction of 

uterine aspirates. A. List of proteins showing statistical differences between patients diagnosed with 

EEC (n=49) and SEC tumors (n=20) with adjusted p-value <0.05. Two proteins, LEG1 and CAPG, 

showed an adjusted p-value > 0.05, but p-value<0.05. B. ROC curves of EEC versus SEC cases for the 

individual proteins of the panel and the 3-protein panel. C. Summary table of the results of the logistic 

regression model adjusted to the data from the 69 patients underlying the ROC analysis. The 

robustness of the panel was assessed by performing a "leave-one-out" cross-validation for each sample 

in this cohort of patients. 

 

The diagnostic panel is composed of two proteins. Metalloproteinase 9 (MMP9) is involved 

in the release of tumor promoting agents and in the degradation of extracellular matrix, that 

may promote cell migration and invasion, favoring tumor metastasis 324,325. Increased levels 

of MMP9 have been detected by immunohistochemistry in endometrial tissue from EC 

patients; whereas lower levels have been reported in EC patients compared to healthy 

women in serum samples 317,326. Pyruvate kinase (KPYM) is a key enzyme in glycolysis and 

is also involved in gene transcription 327. An increased aerobic glycolytic rate is a metabolic 

hallmark of malignant cells 328, and increased levels of KPYM have been described in 

several cancer types. In EC, higher levels of this protein have been reported in endometrial 

tissue from EC patients compared to controls 318,329. When combined, MMP9 and KPYM 
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form a powerful panel that can detect EC with 94.2% sensitivity and 87.2% specificity in the 

fluid fraction of minimally-invasive uterine aspirates. This molecular panel, combined with 

the current diagnosis based on the histological examination of the cells in these samples, 

permitted to achieve diagnosis in 100% of patients in our dataset. Consequently, 

implementation of this panel is expected to impact on the clinical scenario by precluding the 

use of subsequent invasive sampling methods, (i.e., dilatation and curettage or 

hysteroscopy).   

A clinical strength of this investigation is that women enrolled in the study covered the broad 

variability of women entering the EC diagnostic process. Regarding EC patients, the two 

most common histologies, EEC and SEC cases, were included. Non-EC patients covered all 

women with suspicion of EC mainly due to AUB or thickening of the endometrium 95,101. This 

included women suffering from benign pathological conditions (mainly polyps, myomas, and 

endometrial hyperplasia), and women with normal endometrium. Moreover, this study 

included both premenopausal women with functional endometrium and postmenopausal 

women mostly presenting an atrophic endometrium. Despite the molecular differences that 

are known to exist between EEC and SEC tumors 74, and between endometrial tissues of 

women with different hormonal status 330, our diagnostic biomarkers allowed for the accurate 

differentiation between EC patients and non-EC women independently of these factors.  

A limitation of this investigation is that we here reported several proteins that allowed for the 

discrimination of endometrial hyperplasias from both EC and control women. However, 

hyperplasias include a broad range of lesions with very different progression risk to 

carcinoma, from 1-3% for women with non-atypical simple endometrial hyperplasia, to 

almost 30% for patients with complex atypical hyperplasia 13. Due to the limited number of 

cases in this study, division into risk groups was not feasible. Therefore, further exploration 

of the levels of these biomarkers in the different subgroups is needed. 

Regarding the role of the studied proteins to improve the risk group assignment of EC 

patients, current major risk stratification systems, such as the European Society for Medical 

Oncology (ESMO) classification, focus on the histology, grade, myometrial invasion and 

lymphovascular invasion of the tumors. As most information is not available preoperatively, 

histological subtype and grade become key factors for risk group assignment and for the 

determination of the extent of the surgical staging procedure 140. Our data showed that the 

combination of three proteins (CTNB1, XPO2 and CPG) allowed for the accurate 

discrimination between EEC and SEC histological EC types with a sensitivity of 95.0% and 

specificity of 95.9%. These three proteins have been previously related to EC. Beta-catenin 

(CTNB1) has an important role in epithelial cell-cell adhesion, and in the transcription of 

essential genes responsible for cellular proliferation and differentiation in the Wnt signaling 
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pathway 331. In concordance with our observations, CTNB1 has been described in EEC 

tissue specimens, but not in SEC tumors 332,333. Macrophage-capping protein (CAPG) 

modulates cell motility by remodeling actin filaments. It is involved in cell migration and 

invasiveness in several type of cancers334. Unlike CTNB1, higher levels of CAPG have been 

reported in more aggressive SEC tumors compared to EEC cases at tissue level, in 

agreement with our results in uterine aspirates. Finally, exportin-2 (XPO2), also known as 

cellular apoptosis susceptibility protein, has a role in the mitotic spindle checkpoint. 

Depletion of XPO2 leads to cell-cycle arrest and, consequently, it has been associated with 

tumor proliferation 335; although it has also been related to tumor invasion and metastasis 
336. Higher levels of XPO2 have been observed in many cancer types, including EC, and 

have been positively associated with a higher cancer grade and worse outcome of the 

patients 337. Although no significant differences in XPO2 levels were observed between EEC 

and SEC cases in our study, its inclusion in the panel formed by CTNB1 and CAPG 

significantly improved its performance.  

This study was however limited to identify protein signatures that accurately distinguish 

among tumor grades, since the number of patients available for this comparison was too low 

to achieve statistically robust results. This should be tackled in a near future to aid in the risk 

group assignment of EC patients. Moreover, current histopathological risk stratification 

systems are limited to predict the risk of recurrence. Additional molecular information is 

needed to improve these stratification systems and guide a more precise surgery. Although 

it is not yet applied in the clinical practice, the novel molecular classification of EC developed 

by The Cancer Genome Atlas (TCGA) have demonstrated higher prognostic accuracy 85. 

The behavior of CAPG, XPO2 and CTNB1 expression in relation to the molecular 

classification was assessed using the available TCGA data 338. CAPG and XPO2 presented 

a significant mRNA upregulation in the serous-like group in contrast to the microsatellite 

instability and copy-number low subgroups that were characterized by a high number of 

CTNB1 missense mutations. The POLE group presented mixed features, with a high 

number of alterations in XPO2 and CTNB1 (Figure 29). Although these findings are at 

genomic level, they open up a route to assess the potential of this proteomic signature to 

discriminate molecular subgroups and hence, further ameliorate the stratification of ECs.  

Another important strength of this study is manifested in the technical viewpoint. We here 

employed the last generation of targeted MS method, the LC-PRM acquisition performed on 

a high-resolution accurate mass spectrometer. Unlike the vast majority of EC biomarker 

studies that use antibody-based approaches to test one or few proteins, this multiplexing 

targeted MS-based approach presents two clear advantages. First, it increases the chances 

of finding a clinically useful biomarker; and second, it is better suited for the development of 

protein panels since combinations among all the studied proteins can be evaluated. Indeed, 
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the best individual proteins do not necessarily perform well as a combination, since they can 

provide redundant information, as proved in both panels described in this study. Finally, the 

use of PRM acquisition facilitates the application of targeted MS to large cohorts of patients 

in comparison to the standard SRM acquisition 259,296. He here measured 98 peptides in 232 

samples (116 samples in duplicates). Apart from the easier method development, the 

decrease of interferences and the use of spectral matching significantly facilitated the data 

processing. Moreover, we achieved a precise quantification of the 93 peptides (average CV 

of 3.6%).  

 

Figure 29. CTNB1, XPO2 and CAPG study according to the TCGA classification. A. Oncoprint of 

the genetic alterations identified in CTNB1, XPO2 and CAPG in the different TCGA subgroups. B. 

Percentage of CTNB1, XPO2 or CAPG mutated cases in each molecular subgroup. C. Percentage of 

cases with CTNB1, XPO2 or CAPG mRNA upregulation in each molecular subgroup. 
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As a first step towards clinical implementation, the diagnostic panel was evaluated by 

ELISA, since immunoassays continue to be the preferred method for clinical validation and 

further application in the clinical environment 199. The commercially available ELISA kit 

against MMP9 yielded results perfectly matching the LC-PRM data, but the KPYM ELISA did 

not perform up to the same standard. As next steps, highly specific and reproducible 

immunoassays for the protein panels must be developed and the performance of the 

biomarker signatures must be validated in a prospective, multicentric study including a 

higher number of patients. 
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The implementation of biomarker signatures into clinical practice requires not only a robust 

performance of the biomarkers, but also the development of a simple and straightforward 

assay. We have identified accurate diagnostic and predictive biomarker signatures by using 

the albumin & IgG depleted fluid fraction of uterine aspirates in combination with high-

resolution mass spectrometry. We also confirmed the mass spectrometry results for MMP9 

detection using a commercial ELISA, as a first step to approach the diagnostic signature to 

an accessible assay in the clinical practice. Following these results, we targeted two goals in 

this chapter: first, to simplify the ELISA assay of MMP9, which was accomplished in the 

context of a scientific collaboration with the Diagnostics Nanotools Group (CIBBIM-

Nanomedicine, Vall d´Hebrón Institute of Research) led by Dr. Baldrich; and second, to 

simplify the sample preparation. 

5.1. ASSAY SIMPLIFICATION 

This section is partially described in the article: "ELISA simplification and shortening by 

using a polymeric signal amplifier. Application to MMP9 detection in plasma and uterine 

aspirates".  

de la Serna E, Martinez-Garcia E, García-Berrocoso T, Penalba A, Gil-Moreno, Colas E, 

Montaner J, Baldrich E (currently under revision). 

SPECIFIC BACKGROUND 

ELISAs are widely used as diagnostic tools in clinical laboratories 339. This technique 

exploits antibodies (Ab) for the specific binding of the analyte of interest, coupled to an 

enzyme-mediated color change that is proportional to the analyte concentration in the 

sample. ELISA can be performed using a detection Ab modified with an enzyme label, such 

as horseradish peroxidase (HRP) 340. Alternatively, indirect detection using a biotinylated Ab 

and a (strept)avidin-enzyme conjugate can be carried out 341. However, the standard assay 

set-up entails a time-consuming multi-step procedure that would be difficult to operate using 

a low-cost point-of-care detection platform.  

Engineered polymeric streptavidin-HRP complexes (polyHRP) consist of hundreds of 

enzyme molecules chemically coupled to each other or to a polymer backbone 342. They 

have been employed as signal amplifiers in immunohistochemistry 343 and in ELISA to 

improve assay sensitivity. The use of polyHRP has allowed to develop ELISAs which are 3.8 

to 20 times more sensitive than any alternatives using Ab-HRP or streptavidin-HRP 344–346. 

Interestingly, Dr. Baldrich´s team demonstrated that the signal enhancement provided by 

polyHRP can be successfully employed to simplify and shorten pre-existing ELISA assays. 
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As a proof of concept, they converted the commercial ELISA kit for MMP9 detection that we 

used in Chapter 4, and that requires 5 hours of working time, into a shortened ELISA that 

can be performed in about 1 h.  

In this context, we aimed to compare here the performance of the shortened ELISA versus 

the standard ELISA assay and the previous results obtained by LC-PRM to detect MMP9 in 

uterine aspirates from women suspected of having EC. Moreover, we evaluated the 

potential applicability of the shortened assay format to other platforms such as 

electrochemical biosensors, providing the basis for the development of point-of-care devices 

for EC diagnosis 347. 

MATERIAL AND METHODS 

Detection of MMP9 by ELISA  

ELISA was performed using the human MMP9 DuoSet ELISA development kit (R&D 

Systems). The kit contains a capture monoclonal mouse anti-human MMP9 Ab (c-Ab), a 

detection biotinylated goat anti-human MMP9 Ab (d-Ab), a recombinant human MMP9 

calibrator, and streptavidin-HRP.  

Unless otherwise stated, incubations were performed with 100 µL of solution per well, inside 

an incubator at 24ºC, and were followed by three consecutive washes with PBS-T (200 µL 

per well), consisting of PBS 1X (Gibco) supplemented with 0.05% of Tween-20 (Sigma-

Aldrich). 

! MMP9 detection by the “standard” ELISA 

The standard ELISA was carried out according to the provider’s instructions. Briefly, 

microtiter plates were modified overnight with c-Ab (1 µg/mL in PBS). After washing, the 

plates were blocked with PBS supplemented with bovine serum albumin (PBS-1% BSA) for 

1 h, followed by a 2 h incubation with recombinant MMP9 (30-2000 ng/mL, in triplicate) for 

the calibration curve and the uterine aspirate samples to be analyzed, and a 2 h incubation 

with d-Ab (100 ng/mL in PBS-2% BSA). After washing, streptavidin-HRP (Thermo Scientific) 

at 1/200 in PBS-1% BSA was added and incubated for 20 min. The plates were washed four 

times with PBS-T, 100 µL of the enzymatic substrate (3,3′,5,5′-Tetramethylbenzidine (TMB) 

liquid substrate supersensitive for ELISA from Sigma-Aldrich) was added per well, and the 

reaction was allowed to proceed for 20 min before being stopped with 50 µL of 1 M sulphuric 

acid (Sigma-Aldrich) per well and measured at 450 nm using a Sunrise plate reader (Tecan) 

(Figure 30A).  

 

 



 
 

 

! MMP9 detection by the “shortened” ELISA

The “shortened” ELISA consisted of the modification of the microti

BSA following the standard protocol, followed by a 30 min simultaneous incubation with 

recombinant MMP9 (30-2000 ng/mL, in triplicate) for the calibration curve and the 

aspirate samples together with d-Ab (100 ng/mL in 

washed, incubated for 10 min with streptavidin polyHRP (diluted 1/

and washed four more times with PBS-T. Detection was performed as described for the 

standard ELISA (Figure 30B). 

 

Figure 30. Schematic representation of the standard ELISA (A) and the shortened assay (B).

both cases, the microtiter plate is modified with c

However, while the standard ELISA continues with a series of incubations that last for nearly 5 h, the 

shortened assay can be carried out in about 1 h. 

 

Detection of MMP9 by electrochemical 

The same bioreagents included in the human 

the ELISA were employed to produce the electrochemical immunosensors.

Unless otherwise stated, incubations were performed with 5

for the capture antibody, in an incubator at 24ºC and inside a humid chamber to prevent 

reagent evaporation, and were followed by three consecutive washes with 

per sensor.  
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by the “shortened” ELISA 

the modification of the microtiter plate with c-Ab and 

, followed by a 30 min simultaneous incubation with 

2000 ng/mL, in triplicate) for the calibration curve and the uterine 

100 ng/mL in PBS-2% BSA). The plate was then 

streptavidin polyHRP (diluted 1/10000 in PBS-1% BSA) 

T. Detection was performed as described for the 

 
Schematic representation of the standard ELISA (A) and the shortened assay (B). In 

s modified with c-Ab overnight (ON) and blocked with BSA for 1 h. 

However, while the standard ELISA continues with a series of incubations that last for nearly 5 h, the 

 

electrochemical immunoassays 

uman MMP9 DuoSet ELISA development kit used in 

the ELISA were employed to produce the electrochemical immunosensors. 

cubations were performed with 50 µL of solution per chip, except 

ator at 24ºC and inside a humid chamber to prevent 

and were followed by three consecutive washes with 100 µL of PBS-T 
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For the production of electrochemical immunosensors we used commercial carbon screen-

printed electrodes (C-SPE; DropSens, Spain). Each device contained a carbon working 

electrode (4 mm diameter), a carbon counter electrode and a silver pseudoreference 

electrode, all stamped onto a ceramic substrate (L33 x W10 x H0.5 mm). Before their 

utilization, the C-SPE were serially washed with ethanol and water, dried under an air flow, 

and then characterized by cyclic voltammetry in 0.1 M KCl, 0.1 mM K4 Fe(CN)6. All the 

amperometric measurements were performed at room temperature using a µSTAT 8000P 

portable multipotentiostat controlled by the DropView 8400 software (Dropsens). 

For sensor immune-modification, the working electrode of each chip was modified overnight 

with c-Ab (6 µl of a 12.5 µg/mL dilution in PBS). After washing, the chips were blocked with 

60 µl of PBS-2% BSA for 45 min, washed again, and incubated with a mixture of the uterine 

aspirate samples and d-Ab (100 ng/mL in PBS-2% BSA), like in the shortened ELISA. The 

chips were then washed, incubated for 10 min with streptavidin polyHRP (diluted 1/10000 in 

PBS-1% BSA) and washed three times with PBS-T and one time with PBS diluted 1/10. For 

the electrochemical detection, 50 μL of PBS 1/10 was added onto the electrodes and the 

current was allowed to stabilize at 0 V versus the silver (Ag) pseudo-reference for 150 s. 

The measurement was halted, PBS was substituted by TMB and the measurement was 

resumed for other 500 s. 

Electrochemical detection of the levels of MMP9 in each sample was based on the 

amperometric monitoring of the enzymatic product. That is, polyHRP reduces H2O2 into H2O 

coupled to the oxidation of TMB in the substrate solution. Oxidized TMB is then reduced in 

real time at the electrode surface, which results in an electron flow of negative charge (from 

the electrode towards the TMB in solution). The current intensity is proportional to MMP9 

concentration. 

Processing of uterine aspirates 

The sonicated and depleted fluid fractions of uterine aspirates from 16 women included in 

the validation study described in Chapter 4 (all women suspected of EC: 10 EC patients and 

6 non-EC patients) were employed in this study. The depleted samples were diluted in PBS-

BSA (1% in the standard ELISA, and 2% in the shortened ELISA and the electrochemical 

sensors). Three different dilutions (1/10, 1/100, 1/1000) were tested for each sample and 

each dilution was analyzed in duplicate by each assay, blinded to clinical data. Each ELISA 

experiment included its own calibration curve with triplicates run in parallel. In contrast, the 

electrochemical immunoassays could only be performed simultaneously in the 8 sensors 

available on the measurement equipment. Hence, only 8 out of the 16 samples were 

measured (4 EC patients and 4 controls) and an averaged calibration curve was obtained 

with data gathered from three independent experiments. 
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Data analysis 

The averaged signals registered for each sample dilution were then interpolated in the 

corresponding calibration plot using a polynomic approximation to obtain post-dilution MMP9 

concentrations. These were then multiplied by the appropriate dilution factor to estimate the 

MMP9 concentration in pre-diluted samples. 

The linear correlation between the results obtained with the different approaches (i.e., 

shortened and standard ELISA, electrochemical immunosensors and previous LC-PRM 

results) was calculated using the Pearson correlation coefficient. For the differences 

between EC and control samples, a cut-off was established as the average concentration of 

MMP9 in non-EC samples, plus 3 times its standard deviation; the comparison of the levels 

of MMP9 between both groups was performed using the Student t-test. 

RESULTS  

Correlation between the standard and shortened ELISAs 

The levels of MMP9 in 16 uterine aspirate samples from EC and control patients were 

measured in parallel using the shortened and the standard ELISAs. The results produced by 

the shortened ELISA presented a strong linear correlation with the results obtained with the 

standard procedure (R2 = 0.97) (Figure 31A), and with the previous LC-PRM results (R2 = 

0.93) (Figure 31B). 

The concentrations of MMP9 in the samples from EC patients were in average one order of 

magnitude higher (3-60 ng/mL in the shortened ELISA) than in the non-EC control patients 

(0.33-1.44 ng/mL) (Figure 31C). Accordingly, MMP9 could be quantified in EC samples 

using dilutions of 1/100 or higher, whilst in samples from non-EC women MMP9 could only 

be quantified consistently in 1/10 diluted samples. In spite of the limited number of samples, 

a tentative cut-off was established as the average concentration of MMP9 in non-EC 

samples, plus 3 times its standard deviation (cut-off = 3.14 and 2.60 ng/mL in the standard 

ELISA and the shortened ELISA, respectively; insert in Figure 31C). All samples from EC 

patients displayed concentrations of MMP9 significantly higher than the corresponding cut-

off at a 99% confidence level (p-value < 0.01), independently of the assay used for their 

determination. 
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Figure 31. Correlation between the MMP9 levels measured by the standard ELISA and both the 

shortened ELISA and LC-PRM. A. Correlation between the MMP9 concentrations in uterine aspirate 

samples from 16 patients measured by the standard and the shortened ELISA assays. B. Correlation 

between the MMP9 concentrations in uterine aspirate samples from 16 patients measured by the 

shortened ELISA and the relative abundance of MMP9 in the same samples measured by LC-PRM. C. 

MMP9 concentrations classified according to patient status (+/– are presence/absence of EC) and the 

ELISA used. Right insert: amplification of C. The dotted lines illustrate the cut-off for each assay. 

 

Correlation between the shortened ELISA and electrochemical biosensors 

The levels of MMP9 in 8 of the previous uterine aspirate samples were measured using a 

similar shortened immunoassay protocol, applied this time to an electrochemical 

immunosensor format (Figure 32A), and compared to the paired results obtained with the 

shortened ELISA and with LC-PRM. A high correlation was achieved for both comparisons, 

with R2=0.93 and R2=0.96, respectively, as shown in Figure 32B-C. 
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Figure 32. Correlation between the MMP9 levels measured by the electrochemical biosensor and 

both the shortened ELISA and LC-PRM. A. Equipment for electrochemical signal measurement. B. 

Correlation between the concentration of MMP9 in uterine aspirate samples from 8 patients measured 

by electrochemical biosensors and the shortened ELISA assays C. Correlation between the 

concentration of MMP9 in uterine aspirate samples from 8 patients measured by electrochemical 

biosensors and the relative abundance of MMP9 in the same samples measured by LC-PRM. 

 

5.2. SIMPLIFICATION OF THE SAMPLE PREPARATION 

SPECIFIC BACKGROUND 

MS-based approaches achieve good sensitivity, but several methodologies including the 

depletion of abundant plasma proteins or the enrichment of the proteins of interest can be 
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required to improve the proteome coverage in complex clinical samples, particularly in the 

initial phases of the biomarker pipeline 230.  

In this project, sonication followed by albumin & IgG depletion of the samples was selected 

as the best cost-effective option among other tested methods (not included in this thesis). 

This methodology enabled the detection of a higher number of potential biomarkers and a 

more precise quantification of those proteins by LC-MS. 

However, once the final biomarker panels have been developed (Chapter 4), we aimed to 

evaluate the feasibility of using the raw fluid fraction of uterine aspirates (i.e., avoiding 

albumin & IgG depletion and sonication steps) for the quantification of the described 

diagnostic and predictive biomarker signatures. 

MATERIAL AND METHODS 

Patients recruitment and sample collection 

A total of 39 patients entering the EC diagnostic process (20 women suffering from EC and 

19 non-EC controls) were recruited in the Vall d’Hebron University Hospital (Barcelona, 

Spain) during 2016 to 2017. Informed consent forms, approved by the Vall d´Hebron Ethical 

Committee, were signed by all patients. From each patient, a uterine aspirate sample was 

collected as described in the previous chapters (page 99) and the fluid fraction of each 

sample was kept at -80ºC. 

Sample preparation for LC-PRM analysis 

Ten out of the 39 samples were divided in two identical aliquots: one was kept at -80ºC 

without any treatment before proteolysis (here referred to as "raw uterine aspirates"), and 

the another aliquot was processed as previously described in Chapters 3 and 4, with 

sonication and albumin & IgG depletion (here referred to as "processed uterine aspirates").  

The 39 raw uterine aspirates and the ten processed uterine aspirates were submitted to the 

same proteolysis procedure described in the previous chapters (pages 101-102) with a few 

changes: i) a total amount of 12.5 µg of protein was digested per sample; ii) only the sample 

preparation of a pool of four samples was performed in triplicate in order to estimate the 

reproducibility of the procedure; iii) after digestion, samples were desalted onto a 25 mg 

tC18 96 wells plate (Waters).   

LC-PRM setup and data processing 

An equivalent of 250 ng of total protein per sample was analyzed by LC-PRM using a set-up 

similar to the previous chapters. However, for this experiment the Q Exactive Plus was 
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replaced by a Q Exactive HF and thus, the resolution was set to 60,000 at 200 m/z with a 

maximum fill time of 110 ms and an automatic gain control of 1E6 ions. 

The settings for the extracted ion chromatograms (XICs) extraction in Skyline were adapted 

accordingly. Data processing based on spectral matching was performed as described in the 

previous chapter (pages 102-103). 

Statistical analysis 

The light/heavy area ratio of each peptide was extracted from Skyline. The statistical 

analysis was performed in SPSS (v20.0) (IBM, Armonk, NY, USA) and Graph Pad Prism 

(v.6.0) (GraphPad Software, La Jolla, CA, USA). The correlation between the levels of the 

proteins from the diagnostic (MMP9 and KPYM) and predictive panels (CAPG, CTNB1 and 

XPO2) was calculated using the Spearman correlation coefficient, which is based on the 

ranked values. 

Comparison of the levels of MMP9 and KPYM between EC and control patients was 

performed using the nonparametric Mann-Whitney U test. P-values lower than 0.05 were 

considered statistically significant. The AUC values for MMP9 and KPYM were also 

estimated. 

RESULTS 

The levels of the 52 candidate biomarkers studied in Chapters 3 and 4 were measured by 

LC-PRM in the raw uterine aspirates and in their corresponding sonicated and depleted 

version, i.e., processed uterine aspirates, collected from 10 patients entering the EC 

diagnostic process. A high correlation (Spearman correlation coefficient over 0.82) was 

obtained for the proteins that form the diagnostic panel (MMP9 and KPYM) and the CAPG 

protein from the predictive panel (Figure 33A). However, the correlation coefficient was 

slightly lower for CTNB1, and it was not calculated for XPO2 due to the low signal obtained 

for this protein in most of the samples.  

Taking into account the high correlation for the diagnostic panel, we then evaluated if the 

levels of those proteins were able to discriminate between 20 EC patients and 19 non-EC 

controls by using the raw uterine aspirates. As shown in Figure 33B-C, both proteins from 

the diagnostic panel, MMP9 and KPYM, showed significantly higher levels in the uterine 

aspirates from EC patients (p-value <0.05, and fold change >3) and presented high 

accuracy in individually discriminating between EC and control cases (AUC values of 0.82 

for MMP9 and 0.93 for KPYM). These results further confirmed the results obtained in 
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Chapter 4, where MMP9 and KPYM achieved AUC values of 0.89 and 0.90, respectively, 

when measured in the processed uterine aspirates of an independent set of patients. 

 

 

Figure 33. Feasibility of using raw uterine aspirates for the final measurement of the biomarker 

signatures. A. Correlation between the levels of the 5 proteins that form the diagnostic and predictive 

panels measured in raw and processed (sonicated+depleted) uterine aspirate samples from 10 patients. 

B. Summary table of the statistical results obtained from the comparison of the abundance of the 

diagnostic proteins in the raw uterine aspirates from 20 EC patients and 19 controls.  C. Scattering plots 

depicting the distribution of the light/heavy (L/H) ratios of the two proteins that compose the diagnostic 

panel obtained by LC-PRM in the raw uterine aspirates from 20 EC patients and 19 controls. 

 

DISCUSSION 

In the first part of this chapter we demonstrated that signal amplifiers such as polyHRP can 

be exploited for immunoassay simplification and shortening of the assay time, which is 

essential for assay automation and integration in low-cost point-of-care detection platforms. 

Although a larger number of samples must be tested to validate these preliminary results, 
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we demonstrated that the shortened ELISA can be transferred to an electrochemical 

immunosensor format which offers important advantages compared to the ELISAs. First, 

upon immune-modification and blocking with BSA, immunosensors can be stabilized, dried 

and stored at 4ºC for weeks. Accordingly, they can be used straightforward for sample 

analysis. Moreover, they require less volume of sample and reagents than conventional 

ELISA. This is very important for those uterine aspirate samples where the material 

available is very limited. The reduction of the volume of reagents needed would also 

decrease the cost of each assay. Due to their high specificity, speed, portability, and low 

cost, biosensors offer important opportunities for decentralized clinical testing. 

The preliminary results showed in the second part of this chapter suggest that the raw fluid 

fraction of uterine aspirate samples can be directly used for the measurement of the 

diagnostic panel, without any prior treatment. This is an important step towards the 

automation, simplification and reduction in the costs of the final assay. However, further 

investigations are needed regarding the predictive panel. 
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FROM THE BENCH... 

Cancer is today one of the most common cause of death in the world, with over 8 million 

annual deaths, mainly due to the aging of the population 348. Interest in precision diagnostics 

has significantly increased in the last years 176. Early detection, i.e., finding tumors when 

they are still confined to the organ of origin, is crucial to favor complete resection of the 

tumor and to ensure a more effective treatment. The World Health Organization (WHO) has 

proposed that the combination of current therapies with effective early detection would 

significantly impact survival 349. Since therapies for advanced stages are elusive, there is 

currently little evidence that survival among patients with disseminated disease will improve 
350. In this context, biomarkers have become a keystone of medical care to favour early 

detection. Their tremendous potential to transform the clinical practice has been extensively 

documented 176–178. Apart from early diagnosis, an ideal biomarker could also provide 

clinicians with useful information including prognostication of disease progression or 

selection of the optimal therapy at an early stage of the disease.   

In this post-genome era, clinical proteomics is receiving major attention, as reflected in the 

increasing number of published manuscripts in this field during the last years (Figure 34). 

The search for disease-specific biomarkers, and cancer biomarkers in particular, is one of 

the areas where proteomics is having a significant impact 351. However, despite the 

important efforts and investments made to find protein cancer biomarkers of clinical utility, 

less than one protein biomarker per year has received FDA approval over the last 10 years 
206. 

 

Figure 34. Evolution of clinical proteomics research. Number of published manuscripts from 2000 to 

2015 based on the results obtained by searching the Web of Science database using the terms "clinical" 

and "proteom*". Adapted from Nkuipou-Kenfack et al. 2017 352. 
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Regarding EC, about 30% of the patients are still diagnosed at an advanced stage of the 

disease associated with a drastic decrease in the 5-year survival rate. Diagnosis is achieved 

by the histopathological examination of an endometrial biopsy, which is preferably obtained 

by a minimally invasive aspiration from the uterine cavity (i.e., uterine aspirate) 76,107. 

Unfortunately, the limited number of cells available for examination in these biopsies is 

associated with two important drawbacks: i) about 22% of undiagnosed patients due to 

histologically inadequate specimens 109; and ii) up to 50% of incorrectly assigned EC 

histotype and grade 140.   

In this challenging but exciting context, the main goal of this thesis was to establish an 

effective workflow for the identification of specific and sensitive proteomic signatures able to: 

i) accurately detect all EC cases in uterine aspirate samples, and thus to reduce the number 

of more invasive sampling methods; and ii) provide clinicians more accurate preoperative 

information regarding EC histological type and tumor grade that could improve the risk 

stratification of the patients and further guide the selection of the optimal surgical treatment 

of EC patients.   

An overview of the steps followed to achieve these objectives, described in the results 

section of this thesis, and future steps required for the implementation of the biomarker 

signatures in the clinical practice are shown in Figure 35.  

 

Figure 35. General overview of the biomarker identification process followed in the thesis and 

future steps. 
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In Chapter 1 an extensive literature review was performed, and a list of 506 proteins 

associated with EC was generated. The analysis of the main characteristics of the studies 

included in this literature review allowed us to outline some factors that could be improved 

and new approaches not yet exploited that might accelerate the identification of clinically 

useful proteins for EC diagnosis. These approaches included the need for highly 

multiplexing verification studies to prioritize the most promising proteins among the initial list 

of 506 potential biomarkers, and the exploitation of easy-to-access proximal fluids such as 

uterine aspirates.  

In Chapter 2 we demonstrated that those proteins previously associated with EC, mainly 

studied by immunohistochemistry at the tissue level, can be measured in uterine aspirate 

samples by highly multiplexing targeted proteomics. Moreover, we selected the fluid fraction 

of these uterine aspirate samples, corresponding to the supernatant after centrifugation, as 

the most appropriate fraction for biomarker identification. The selection was based on the 

following arguments: a higher number of candidate biomarkers could be detected by LC-MS 

in this fraction compared to the cellular fraction; the results obtained by targeted LC-SRM 

approach were significantly more robust and reproducible than those obtained in the cellular 

fraction; proteins in this fraction are soluble proteins that do not require cell lysis and thus, 

can be directly measured by technologies widely applied in the clinical laboratories, such as 

ELISA; and importantly, proteins in the fluid fraction are independent of the limited cellular 

content in the uterine aspirate samples. 

In Chapter 3 we described a stepwise workflow to reduce the initial list of 506 candidate 

biomarkers generated in Chapter 1 down to 52 proteins based on their detection by LC-MS 

in uterine aspirates, the elimination of doubtful candidate biomarkers derived from the 

variable amounts of blood contamination in uterine aspirates, and their consistency in 

literature. Those 52 proteins were then analyzed in the fluid fraction of uterine aspirates from 

20 EC patients and 18 non-EC controls by LC-PRM. The differential expression of 26 

biomarkers was observed (adjusted p-value <0.05 and fold change >3), and among those, 

ten proteins showed a high sensitivity and specificity (AUC > 0.9). We demonstrated the 

importance of targeted MS approaches in biomarker verification studies to prioritize the most 

promising biomarkers to enter a validation study, and highlighted the benefits of LC-PRM 

acquisition performed on high-resolution accurate mass spectrometers for this purpose, 

being this one of the first studies applying this technology to clinical samples.  

The same 52 proteins were then validated in the fluid fraction of uterine aspirates from 116 

patients by LC-PRM, as described in Chapter 4. The levels of 28 proteins were significantly 

higher in EC patients (n=69) compared to controls (n=47), with an adjusted p-value <0.05 

and fold change >2. The combination of MMP9 and KPYM exhibited 94% sensitivity and 
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87% specificity for detecting EC cases. This panel perfectly complemented the standard 

histopathological diagnosis, achieving 100% of correct diagnosis in this dataset. Nine 

proteins were significantly increased in endometrioid EC (n=49) compared to less common 

but more aggressive serous EC (n=20), with an adjusted p-value <0.05. The combination of 

CTNB1, XPO2 and CAPG achieved 95% sensitivity and 96% specificity for the 

discrimination of these subtypes.  

In order to facilitate the implementation of these biomarker signatures in the clinical practice, 

the translation of the LC-PRM results to commercially available ELISA kits was evaluated in 

Chapter 4. Moreover, simplification of the analytical assay and the sample preparation was 

assessed in Chapter 5. We demonstrated the feasibility of measuring the levels of MMP9 

with a shortened ELISA assay that can be performed in 1 h instead of the 5 h of the 

standard ELISA and that can be applied to electrochemical sensors for MMP9 analysis. The 

results obtained with these biosensors and the LC-PRM results showed a good correlation 

(R2=0.96), providing the basis for the development of point-of-care devices for EC diagnosis, 

and reducing the volume of sample and reagents needed compared to the commercial 

ELISA kit. Regarding sample preparation, we demonstrated the feasibility of using the raw 

fluid fraction of uterine aspirates (i.e., avoiding Albumin/IgGs depletion and sonication steps) 

for the quantification of the described diagnostic panel. 

Beyond these important achievements in the field of EC diagnosis, two remarks are worthy 

to be highlighted from this work: 

On one hand, the proteomic workflow described in this thesis, based on targeted MS 

approaches, and LC-PRM in particular, for the verification and validation of the candidate 

biomarkers in independent cohorts of patients, followed by immunoassay development for 

the best-performing panel of proteins, represents a significant improvement over the current 

state-of-the-art of biomarker identification. Especially, the inclusion of targeted MS 

approaches in the biomarker pipeline allowed for the screening of a large number of 

candidate biomarkers and all possible combinations among them, which translates into a 

more efficient identification of clinically useful biomarker signatures. Importantly, MS-based 

approaches are independent of the availability of high-quality antibodies.  

Many studies have reported serious problems regarding the reliability of commercially 

available antibodies and immunoassays such as ELISA 202. Berglund et al. reported that 

fewer than half of around 6,000 commercial antibodies were specific for their intended 

targets 353, and a poor correlation between antibody lots has also been reported, highlighting 

the low reproducibility between assays 354. More than 50-60% of commercially available 

antibodies are not suitable for biomedical research, resulting in an elevated waste of time 

and money (estimated annual cost of US$350 million in the United States alone) 355. 
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Moreover, most of the validated antibodies and ELISA kits have been validated in serum or 

plasma samples, but not in other biofluids such as uterine aspirates.  

Consequently, de novo development of highly specific and reproducible immunoassays for 

the selected proteins and validated in the sample of interest is highly recommended. A 

recent study has emphasized the importance of defining antibodies by their sequence and 

produce them as recombinant proteins 355.  Because of the high costs and development time 

associated with de novo assay generation and validation, this is often out of scope of 

academic laboratories, and usually carried out by specialized companies 303 and, 

importantly, it must be applied only to the most promising biomarkers. Therefore, the use of 

MS-based approaches to define the final biomarker signatures before immunoassay 

development is crucial.   

On the other hand, the use of liquid biopsies for the diagnosis of a disease is the preferred 

method over the collection of more invasive tissue samples and thus, the interest in the 

search for disease-specific biomarkers in liquid biopsies has significantly increased in the 

last few years 176,356. Although currently the vast majority of studies in liquid biopsies 

employs serum or plasma samples, the use of proximal fluids for biomarker search is a 

promising alternative. MS instrumentation has undergone rapid advances and it presents a 

good sensitivity, but limited when applied to complex clinical samples such as blood, with a 

dynamic range that expands over more than eleven orders of magnitude in protein 

abundance, and where potential biomarkers are massively diluted to a concentration range 

of ng/ml and below 197. In contrast, proximal fluids in contact with the diseased tissue are 

enriched in proteins directly secreted by the affected cells, favoring the identification and 

quantification of potential biomarkers. Moreover, blood flows through all organs, and thus, it 

can be affected by processes occurring in any part of the body, whereas proximal fluids 

better reflect the specific condition of the diseased tissue. 

Proximal fluids as a source of biomarkers are particularly interesting when they can be 

obtained in a noninvasive or minimally invasive way and therefore could be directly used in 

the clinical practice for routine screening. In this thesis we demonstrated the usefulness of 

uterine aspirates as a source of biomarkers to improve early diagnosis of EC. Additionally, 

we believe that uterine aspirates might also be a promising source of biomarkers for other 

gynecological diseases such as endometriosis and ovarian cancer, two diseases that lack of 

an effective diagnostic procedure. 

 

  

 



From the bench to the clinics 
 
 

156 
 

D
is

cu
ss

io
n 

...TO THE CLINICS 

Knowledge per se has no impact in human health; it needs to be translated into products or 

services. Translational medical research refers to the conversion of discoveries generated 

through basic scientific research into improvements in the diagnosis and therapy of human 

diseases. It has been reported that up to 95% of early-phase studies may not translate into 

tangible improvements in clinical management 357.  

 

Figure 36. World medical technology market by area and sales growth, 2014-2020. WW, 

worldwide. Extracted from Evaluate MedTech October 2015  358. Note: Size of the Bubble= Worldwide 

Sales in 2020. 

 

Our next objective is to apply the results described in this thesis to the clinical practice as an 

in vitro diagnostics (IVD) test. According to the European Medical Technology industry, an 

IVD test is "any medical device which is a reagent, calibrator, control material, kit, 

instrument, apparatus, equipment or system, whether used alone or in combination, 

intended to be used in vitro (i.e., without direct contact with the patient) for the examination 

of specimens derived from the human body, including tissue samples, blood and any other 

biofluid, to provide information concerning a physiological or pathological state, a congenital 

abnormality, or to determine the safety and compatibility with potential recipients, or to 

monitor therapeutic measures" 359.  

IVD testing has become an indispensable tool in the clinical environment. There are over 

40,000 different IVD products currently available that provide information regarding 
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diagnosis, prognosis, prediction of a treatment response, risk of developing a disease, etc, 

improving patients health, reducing healthcare costs and increasing the economic growth of 

the society 360. IVD is the largest sector of medical technology worldwide followed by 

cardiology and orthopedics, and it is expected to suffer the greatest sales growth of the 

medical technology sector during the period 2014-2020 358 (Figure 36) . 

In this context, our final aim would be to license the IVD test for EC diagnosis and prognosis 

to a specialized company in IVD products and/or oncology IVDs. However, several steps are 

first required regarding scientific and valorization activities: 

A) SCIENTIFIC ACTIVITIES 

Step 1. Prototype design 

The ease of adoption of a biomarker signature by routine clinical laboratories is a key factor 

for its clinical application. Therefore, the biggest challenge is now the design of the most 

simple and cost-effective prototype for the measurement of the described proteomic 

signatures. Several options are available, each of them offering important advantages and 

challenges. 

! Mass spectrometry 

The most straightforward way to apply the protein signatures described in this thesis would 

be the use of MS platforms. MS has a promising future in clinical laboratories for numerous 

reasons including, but not limited to, its high multiplexing capabilities and the high analytical 

specificity and sensitivity achieved. MS would allow to measure several biomarker panels, 

such as the diagnostic and predictive signatures described in this thesis, in just one assay, 

with minimum waste of sample and time. Moreover, it would accelerate the direct application 

of the high number of biomarkers that are currently being discovered and validated with MS-

based approaches, without the need to develop specific immunoassays. 

MS-based approaches have already been applied for the quantification of small molecules 

for several decades and the use of FDA-cleared tests employing mass spectrometers in 

clinical laboratories is well established for drugs of abuse confirmations, identification of 

newborn inherited errors of metabolism from dried blood spots, and analysis of steroid 

hormones such as testosterone 361. There are also some FDA-approved MS assays and 

several commercially available MS kits with in vitro diagnostic-CE (Conformité Européene) 

certification for the measurement of therapeutic drugs such as immunosuppressants (e.g., 

Recipe-ClinMass®, Waters-MassTrack®) 361,362. In addition, MALDI-TOF for the 

identification of microbes, and software and databases of microorganisms from different 

manufacturers have also been FDA-approved 363. 
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The application of MS in the proteomics field is more recent and thus is still further from its 

adoption into routine use in clinical laboratories. However, the rapid advances in MS-based 

proteomics in the last years and those expected to occur in the next five years appear 

promising to accelerate the clinical use of this technology 364: i) important improvements in 

sensitivity, specificity and throughput have been achieved over the past years; ii) automated 

sample processing has been already addressed with robotics such as the AssayMap Bravo 
365 or the Tecan Freedom Evo 366; iii) FDA-approved instrumentation and software that can 

be employed by non-experts would be required. Several open source platforms are already 

available, such as Skyline or Qualis-SIS 367, where the latest has been developed following 

the FDA requirements; iv) standardized methods that can be executed by non-experts and 

that satisfy the specific thresholds for precision, accuracy and reproducibility defined by the 

regulatory agencies are also needed; v) standardized reagents are required, including stable 

isotope-labeled peptides to improve detection confidence and measurement precision, and 

standardized quality control kits, several of which are already commercially available 368,369. 

Nevertheless, until this technology becomes widely available in clinical laboratories, 

immunoassays continue to be the gold standard in clinical diagnostics.  

! Multiplex ELISA assays 

At the moment, the most feasible approach to apply our findings in the clinics would be the 

development of a multiplexed ELISA assay. ELISAs present high sensitivity and sample 

throughput, are fast and straightforward assays once the antibodies are available, and allow 

for an absolute quantification of the proteins of interest. In addition, the development of a 

multiplexed immunoassay for the protein panels developed in this thesis would enable the 

simultaneous measurement of all the proteins in a patient sample with considerable savings 

in overall assay time, reagent costs and sample volume compared to singleplex ELISAs 370.  

Development of multiplexed immunoassays requires extensive validation of assay 

configuration and performance to ensure assay precision and accuracy. Apart from the 

important challenges related to the design and validation of high-quality antibodies for each 

protein (associated to high costs and development time, as previously described), other 

challenges of these multiplexed assays include the immobilization of the capture ligands, 

calibration, assessment of the cross-reactivity of reagents, compatibility of assay limits of 

quantification, and the need for high-level assay automation for clinical application 370,371.  

Despite all this, multiplexed immunoassays have tremendous potential for IVD testing 176,372. 

Several diagnostic protein arrays have been already approved by the FDA or CE-marked for 

use in the European Union, most of them focused on the diagnosis of autoimmune and 

infectious diseases and using the Luminex™ format, such as QuantaPlex (INOVA 
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Diagnostics), MyAllergyTest (Immune Tech), FIDIS System (Theradiag), Bio-Plex 2200 

Autoimmune and Infectious Disease Panels (Bio-Rad Laboratories), etc. 370,373. 

Other analytical approaches that can be evaluated are: 

! Turbidimetry or nephelometry 

As the ELISA assays, these techniques are also based on antibodies, but the readout of the 

method is different. In these techniques, antibodies and antigens bind to form a complex that 

increases the turbidity of the sample. When light is passed through the solution, some light 

is absorbed by the sample, some is scattered by the sample, and the rest passes through. 

Turbidimetry assays measure the absorbance of the light by the sample, whereas 

nephelometry measures the light scattered at various angles by the antigen-antibody 

complexes 374. These techniques are widely used in clinical laboratories because they are 

fast, cost-effective and relatively easily automated. For instance, certain proteins that form 

the FDA-approved biomarker signature for ovarian cancer diagnosis, known as OVA1, are 

measured by nephelometry (e.g., Siemens Healthcare Diagnostics' BNII System)375. 

! Electrochemical immunosensors  

Electrochemical biosensors have played a major role in the simplification of IVD testing. One 

of their major applications is the point of care testing (POCT) 347, including home-use 

devices, such as the glucose strips that have revolutionized the diabetes monitoring market 
376. Although assays for cancer-related protein biomarkers are more complex, 

electrochemical immunosensors have high potential for POCT.    

In Chapter 5 we demonstrated that the levels of MMP9 in uterine aspirates can be 

determined in 1 h using electrochemical biosensors. Importantly, electrode arrays with 

multiple individually addressable electrochemical transducers can be designed to 

simultaneously measure protein signatures, as described in several studies 377,378. 

Step 2. Clinical evaluation 

Once the final prototype is optimized for the biomarker signatures, it needs to be analytically 

and then, clinically validated in a rigorously standardized prospective multicenter clinical 

trial. Clinical validation will require to comply with the regulatory requirements in order to 

obtain the CE mark.   
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B) VALORIZATION ACTIVITIES 

Apart from the scientific work, other fields are equally important in order to successfully 

introduce a product in the market. During the last year of this thesis I have participated in 

other activities in parallel to the experimental work: 

• Regarding the intellectual property strategy, the results generated in this thesis 

have been protected with two patents (Annex 3, page 211).  

• Moreover, a "freedom to operate" analysis of the proteins that form the panels has 

been carried out to evaluate if it is possible to produce and commercialize an IVD test 

including those proteins without infringing third party intellectual property rights.   

• I have taken part in mentoring and networking activities offered by several grants 

that the project has received (Annex 3, page 212), including the "CaixaImpulse program" 

organized by La Caixa Bank, and  the "IDEA2 global program" organized by the 

Massachusetts Institute of Technology (MIT). 

• I have also participated in activities related to market research and business plan, 

such as interviews with stakeholders (patients, gynecologists, hospital managers, 

phamaceutical companies, etc.), pharmaco-economic studies in the different countries 

where the product would be introduced, and evaluation of competitors.  

• Apart from public funding, private funding will also be required due to the high costs 

associated with the valorization activities as well as the prototype development and clinical 

evaluation steps. Therefore, a robust financial plan is needed to present the project to 

investors and possible licensees. 

In summary, the studies included in this thesis constitute an important contribution to the 

field of proteomic biomarker identification in liquid biopsies in general, and EC in particular. 

The two uterine aspirate-based proteomic signatures developed in this thesis are expected 

to significantly improve EC diagnosis. From one side, the diagnostic signature would 

perfectly complement the current diagnostic procedure based on the histological 

examination of the cellular fraction of these samples, precluding the use of subsequent 

invasive sampling methods. On the other hand, the uterine aspirate-based proteomic 

approach here described paves the way for the identification of proteomic signatures that 

classify EC tumors into more clinically relevant risk groups to help on surgical treatment 

prediction. Although further studies are needed in the future, a first step has been achieved 

with a signature to accurately classify the most common histologies. In the long term, the 

implementation of these signatures is expected to improve the management of EC patients 

and substantially reduce disease related healthcare costs.  
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The main conclusions derived from this thesis are as follows: 

 

1. The high number of molecular studies of EC published between 1978 and 2017 allowed 

us to generate a list of 506 candidate diagnostic biomarkers, mainly identified in endometrial 

tissue samples.  

2. Although it has been described that uterine aspirates can be used as surrogates for 

their endometrial tissue counterpart to assess molecular alterations at DNA and RNA levels, 

this correlation is not maintained at protein level. 

3. Despite this low correlation, a high number of proteins that showed significant 

differences between EC and control patients at tissue level maintained these differential 

levels in uterine aspirates, enabling the use of this biofluid as a source of protein EC 

biomarkers. 

4. The fluid fraction of uterine aspirates presented important advantages for EC biomarker 

identification by targeted proteomics and further implementation in the clinical practice 

compared to the cellular fraction. 

5. Verification studies to evaluate the performance of a high number of candidate 

biomarkers are essential for the prioritization of the most promising biomarkers to enter a 

subsequent validation phase. 

6. PRM acquisition performed on high-resolution accurate mass spectrometers is an ideal 

platform for biomarker verification and initial validation in complex clinical samples (10s-100s 

samples). It allowed for the quantification of 100 pairs of peptides per sample in one hour of 

analysis with excellent precision. 

7. LC-PRM acquisition presents important advantages compared to LC-SRM acquisition, 

particularly for large scale studies: the method design is easier, it has an increased 

selectivity that reduces the risk of interferences, the list of transitions can be refined 

iteratively to remove potential interferences without the need for new analyses, and the use 

of spectral matching as a quality metric significantly facilitates the data processing. 

8. A total of 26 proteins showed significantly higher levels in the fluid fraction of uterine 

aspirates from EC patients compared to non-EC women in two independent cohorts of 38 

and 116 patients, the latter covering the broad clinical heterogeneity of women with 

suspicion of EC. 

9. The diagnostic panel composed of MMP9 and KPYM exhibited 94% sensitivity and 87% 

specificity for detecting EC cases in the fluid fraction of uterine aspirate samples.  
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10. The combination of this diagnostic panel and the standard histological examination of 

uterine aspirates achieved 100% of correct diagnosis in our dataset of 116 patients. 

11. The predictive panel composed of CTNB1, XPO2 and CAPG achieved 95% sensitivity 

and 96% specificity for the discrimination of the two main histological subtypes, EEC and 

more aggressive SEC cancer, in the fluid fraction of uterine aspirate samples. 

12. The levels of MMP9 can be measured with a shortened ELISA that can be performed in 

1 h and that can be applied to electrochemical sensors. The results obtained with these 

immunoassays and the LC-PRM results showed a good correlation. This approach would 

facilitate the use of MMP9 in the clinical practice and must be extended to the other 

biomarkers.  

13. The fluid fraction of uterine aspirates can be used for the direct quantification of the 

diagnostic panel, without the need for prior treatment (i.e., sonication and albumin/IgGs 

depletion steps). 

14. Finally, this thesis brings forward the proteomic search of biomarkers in uterine 

aspirates to improve EC diagnosis. In combination with the current histopathological 

examination, these uterine aspirate-based signatures are expected to preclude the need for 

more invasive diagnostic samplings and help to predict the optimal surgical treatment for EC 

patients. 
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ANNEX 1 

Table 17. Initial list of 506 proteins associated with endometrial cancer (based on the literature 

review described in Chapter 1). In bold, 158 proteins identified by DDA in uterine aspirate samples in 

Chapter 2. In blue, 52 proteins targeted by LC-PRM in Chapters 3-4. 

 

Uniprot 
Num ber

Gene nam e
Uniprot  
Num ber

Gene nam e
Uniprot 
Num ber

Gene nam e

P 04792 H SP B 1 P10415 Bcl2 P33527 A BCC1 /M RP

P 07339 C T S D P11802 CDK4 P35226 BM I-1

P 12830 C D H 1 P15692 VEGF P35900 KRT20

P 07355 A N XA 2 P17813 ENG P41159 LEP

P 11166 G lut1 P24864 CCNE1 P 48061 CXCL12

P 61604 H SP E 1 P35354 COX 2 P49767 VEGF-C

Q 14508 WF D C 2  /  H E 4 P38936 P21 P52799 EFNB2

P 09603 M -C S F P42771 P16 P67870 CSNK2B

P 14780 M M P 9 P43405 SYK P78396 CCNA1

P 15941 M UC 1 / C A  15 -3 P46013 M KI-67 P78504 JAG-1

Q 13938 C A P S P60484 P TEN Q01196 RUNX1

P 15328 F OLR 1 Q15118 PDK1 Q02763 TEK

P 08253 M M P 2 Q92878 RAD50 Q03405 PLAUR

P 04083 A N X A 1 Q9Y251 HPSE Q12983 BNIP3

P 09211 G ST P 1 O96017 pCHK2 Q14457 BECN1

P 10451 SP P 1 P13647 KRT5 Q15389 ANGPT1

P 14618 KP YM O00425 IGF2B P3 Q15506 SPA17

P 30086 P EB P 1 /  R KIP P00533 EGFR Q15910 EZH2

P 60174 T P I1 P01241 GH Q6XLA 1 CA SC2

P 07237 P 4H B P02771 AFP Q8N307 M UC20

P 16949 ST M N 1 P0DJI8 SAA1 Q96I34 P PP1R16A 

P 17931 LG A LS3 P40763 pSTAT3 Q99814 EP AS1

P 35222 C T N N B 1 Q15465 SHH Q9H013 ADA M 19

Q 01469 F A B P 5 O14493 CLDN4 Q9NR61 DLL4

Q 01995 T A G LN P06401 PR Q9UM X1 SUFU

P 16035 T IM P -2 P08254 M M P-3 Q9Y6Q5 AP1M 2 

P 16070 C D 44 P19544 WT1 Q9Y6Q9 AIB1

P 01833 P IG R P40692 M LH1 P 08123 COL1A2

P 00441 SO D 1 P48023 FasL P 16422 EPCAM

P 06733 EN O 1 Q07864 P OLE P 19404 NDUFV2

P 08670 VIM Q969H0 FBXW7 P35232 P HB

P 80188 LC N 2 P37275 ZEB1 Q10589 BST2

Q06830 P R D X 1 Q15672 TWIST1 Q13162 PRDX4

P 05787 KR T 8 A 2N4P8 IL-2R O95967 EFEM P 2 

P 22626 H N R N P A 2B 1 O95997 P TTG1 P09874 PA RP1

P 62937 P P IA P01106 M YC P 11717 IGF2R

Q 16658 F SC N 1 P01236 PRL P 18827 SDC1

P 05164 M P O P02741 CRP O00762 UbcH10

P 42574 C A SP 3 P08476 INHBA P0DJI9 SA A2

P 43490 N A M P T P14635 CCNB1 P 10696 ALPP2

P 00338 LD H A P17948 FLT1 P 52701 M SH6
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Uniprot 
Num ber

Gene nam e
Uniprot  
Number

Gene nam e
Uniprot 
Num ber

Gene nam e

P 09 38 2 LGA LS 1 P 21583 SCF O14508 SOCS2 

P 3 00 41 P R D X6 P 21802 FGFR2 O43570 CA 12

O00 29 9 C LIC 1 P27986 P IK3R1 O60259 KLK8

O43 27 8 H A I-1 /  S P IN T 1 P28906 CD34 O60911 CTSL2

P 14 174 M IF P29317 EphA 2 O95049 TJP 3 

P 40 12 1 C A P G P 31749 A KT1 O95832 CLDN1

P 50 45 4 S E R P IN H 1 P35638 CHOP P 01112 HRA S

P 55 06 0 C S E 1L P42345 M TOR P 05093 CYP 17

O75 55 6 S C GB 2 A 1 /  M GB 2 P43246 M SH2 P 07585 DCN 

P 09 46 6 P A E P P46527 P 27 P 08581 M ET

O43 85 2 C A LU Q13635 P TCH1 P 09110 A CA A1 

P 02 78 7 T F Q14865 A RID5B P 09769 FGR

Q 8WX I7 M UC 16  /  C A 12 5 Q15848 A DIP OQ P 10145 IL8

P 11021 GR P 7 8 /  H S P A 5 Q16665 HIF-1A P 11362 FGFR1

P 3 015 3 P P P 2 R 1A Q99835 SM O P 11678 EP X 

P 35 26 8 R P L22 P 02461 COL3A 1 P 14902 IDO1

P 02 64 7 A P OA 1 O00755 WNT7A P 15735 P HKG2 

P 0 510 9 S10 0A 8 O75390 CS P 17301 ITGA 2

P 09 23 7 M M P 7 O76070 SNCG P 18850 A TF6

P 02 76 6 T T R P02538 KRT6A P 19838 NFKB1

P 113 88 T O P 2 A P05362 ICA M 1 P 20809 IL11

P 29 50 8 S E R P IN B 3 P 12109 COL6A 1 P 21860 ERB B3

P 07 85 8 C T S B P22223 CDH3 P 23443 RP S6KB 1

P 0 103 3 T IM P 1 Q13753 LA M C2 P 25054 A P C

P 2174 1 M D K Q16629 SRSF7 P 25116 P A R1

P 0C 0 L4 C 4 A Q99988 GDF-15 P 27658 COL8A 1

P 09 49 3 T P M 1 Q93052 LP P P 31321 P RKA R1B

Q 13 42 1 M S LN P 06396 GSN P 35670 A TP 7B

Q 16 85 1 UGP 2 Q9H3D4 TP 63 P 41134 ID1

P 0 100 9 S E R P IN A 1 P 21980 TGM 2 P 42830 CXCL5

Q14 62 4 IT IH 4  ( IH R P ) P24844 M YL9 P 53350 P LK

P 0 79 51 T P M 2 Q5TCI8 LM NA P 78556 CCL20

P 26 44 7 S10 0A 4 O00559 EB A G9 Q02833 RA SSF7

P 0 417 9 S OD 2 O15120 A GP A T2 Q08345 DDR1 

P 39 06 0 C OL18 A 1 O15551 CLDN3 Q12756 KIF1A

P 08 75 8 P P 4 O43597 SP RY2 Q12809 KCNH2

P 12 00 4 P C N A O43683 B UB 1 Q13111 CHA F1A

P 12 27 7 C KB O54908 DKK1 Q13485 SM A D4

P 30 04 4 P R D X5 O96028 M M SET Q13541 EIF4EBP 1

Q 14 103 H N R N P D P 01135 TGFA Q13761 RUNX3

P 0 102 3 A 2M P 01137 TGFB 1 Q14164 IKB KE 

P 02 76 8 A LB P 01233 CGB Q14315 FLNC

P 10 90 9 C LU P04259 KRT6B Q14626 IL11 R

P 0 102 4 C 3 P 05019 IGF1 Q15915 ZIC1

O94 78 8 A LD H 1A 2 P 05111 INHA Q16678 CYP 1B 1

Q 8N B S 9 T X N D C 5 P 05121 SERP INE1 Q16790 CA 9
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Uniprot 
Number

Gene nam e
Uniprot  
Num ber

Gene nam e
Uniprot 
Num ber

Gene nam e

P 2 1926 C D 9 P 05231 IL-6 Q32Q65 FGB

P 3 1947 S F N P07333 CSF1R Q53R41 FASTKD1 

P 003 52 A LD H 1A 1 P08833 IGFB P -I Q5TEJ8 THEM IS2

P 199 71 T Y M P P09038 FGF2 Q6NUR7 EZR

Q9N Y 33 D P P 3 P10147 CCL3 Q86XX4 FRA S1

P 0 4217 A 1B G P 13236 CCL4 Q86YT6 M IB 1

P 067 27 A P OA 4 P13501 CCL5 Q8N6T7 SIRT6 

O959 94 A GR 2 P 14373 TRIM 27 Q8ND30 P P FIB P 2 

P 050 90 A P OD P16581 SELE Q96D59 RNF183 

P 026 54 A P OC 1 P 19320 VCA M 1 Q96GD4 A URKB

Q076 54 T F F 3 P 19438 TNFRSF1A Q99102 M UC4

Q9H 6 S3 E P S 8L2  P 19440 GGT1 Q99571 P2RX4 

P 004 50 C P P21810 B GN Q99784 OLFM 1

P 027 49 A P OH P22894 M M P-8 Q9B Y76 A NGPTL4

P 0 2751 F N 1 P24385 CCND1 Q9NSC7 ST6GA LNA C1

P 027 65 A H S G P27338 M A OB Q9NY64 GLUT8

P 0 5198 EIF 2S 1 P29965 CD40LG Q9P 107 GM IP  

P 057 83 KR T 18 P33993 M CM 7 Q9P 2M 7 CGN 

P 067 03 S10 0A 6 P35968 KDR Q9UB T3 DKK4

P 0 8107 H S P A 1A P 41161 ETV5 Q9UB U3 GHRL

P 0 9651 H N R N P A 1 P42336 P IK3CA Q9UIQ6 LNP EP

P 155 31 N M E 1 P 46531 Notch 1 Q9UM 07 PA DI4

P 19338 N C L P49789 FHIT Q9Y263 P LAA

P 19823 IT IH 2 P50225 SULT1A 1 Q16625 OCLN

P 2 1333 F LN A P51671 CCL11 P 15924 DSP

P 2 3142 F B LN 1 P 51911 CNN1 P 09486 SP A RC

P 235 26 A H C Y P52926 HM GA2 P 24592 IGFB P 6

P 288 38 LA P 3 P54760 EphB 4 P 35613 B SG

P 299 66 M A R C KS P62736 A CTA 2 Q01650 SLC7A 5

P 3 1943 H N R N P H 1 P 63261 A CTG1 Q13642 FHL1

P 3 1949 S 100A 11 Q02962 P A X2 Q15303 ERBB 4

P 362 22 C H I3L1 Q04609 P SM A P 21912 SDHB

P 423 30 A KR 1C 3 Q04743 EM X2 O00204 SULT2B 1

P 477 56 C A P Z B Q13043 M ST1 O00744 Wnt10b

P 493 27 F A S N Q15124 PGM 5 O43294 TGFB 1I1

P 550 72 V C P Q15831 STK11 O43623 SNAI2

P 6 2851 R P S2 5 Q16512 PKN1 O60894 RA M P 1

Q015 18 C A P 1 Q29983 M ICA O75795 UGT2B 17

Q12906 ILF 3 Q92597 NDRG1 O95863 SNA I1

Q 15121 P E A 15 Q92731 ESR2 P 05120 SERP INB 2

Q16555 D P Y S L2 Q99572 P 2RX7 P 07288 KLK3

Q998 32 C C T 7 Q9B ZM 4 ULB P3 P 09544 WNT2

P 2 4821 T N C Q9B ZM 6 ULB P 1 P 10275 A R

P 007 38 H P Q9UB P 4 DKK3 P16112 ACA N

P 0 2671 F GA Q9Y6M 1 IGF2B P 2 P 16662 UGT2B 7
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Uniprot 
Num ber

Gene nam e
Uniprot  
Num ber

Gene nam e
Uniprot 
Num ber

Gene nam e

O4 349 0 P R O M 1 P 06731 CEA CA M 5 P 17252 P KCA

P 00 918 C A 2 Q13309 SKP 2 P 24462 CYP 3A 7

P 010 08 S E R P IN C  1 O43291 SP INT2 P 26715 KLRC1

P 010 42 KN G 1 P 00750 PLA T P 27701 CD82

P 0 245 2 C OL1A 1 P 01111 NRA S P 29536 LM OD1

P 0 265 2 A P O A 2 P 01344 IGF2 P 35749 M YH11

P 0 267 5 F G G P 09529 INHB B P 41221 WNT5A

P 0 267 9 F G G P 09758 TA CSTD2 P 49765 VEGF-B

P 0 277 4 G C P 17936 IGFB P3 P 51692 STAT5B

P 0 277 5 P P B P P 21964 COM T P 54852 EM P 3

P 0 278 8 LT F P 26006 ITGA 3 P 58335 A NTXR2

P 0 279 0 H P X P 35625 TIM P 3 P 78545 ELF3

P 07 108 D B I P 48509 CD 151 Q01826 SA TB 1

P 0 945 5 C R B P -1 Q99623 PHB 2 Q02224 CENP E

Q6 F H J7 S F R P 4 Q9UM 47 No tch 3 Q02413 DSG1

Q9 H C 8 4 M UC 5B P 35916 FLT4 Q02447 SP 3

P 0 277 6 P F 4 O14746 TERT Q03135 CA V1

P 2 239 2 N M E 2 O14965 A URKA Q03167 TGFB R3

P 2 603 8 M S N O15123 A NGP T2 Q07820 M cl-1

P 6 793 6 T P M 4 O60216 RA D21 Q12964 M UC8

P 2 235 2 GP X 3 O60271 SP A G9 Q13641 TP B G

P 3 004 3 B LV R B P 01116 KRA S Q6UXB 2 CXCL17

Q 154 36 S E C 2 3A P 01375 TNF Q8IUK5 P LXDC1 

P 40 261 N N M T P 05412 JUN Q8N2R0 OSR2

P 0 264 9 A P OE P 06400 pRb Q96A M 1 M RGP RF

P 0 639 6 G S N P 08069 IGF1R Q96D21 RA SD2

P00749 P LA U P 08151 GLI1 Q99527 GPER

P32004 L1CA M P 10070 GLI2 Q9GZU2 P EG3

P 35221 CTNNA 1 P 10071 Gli-3 Q9NYL2 ZA K

Q07812 B A X P 10914 IRF-1 Q9UHF7 TRP S1

P 17661 DES P 11511 CYP 19A 1 Q9UM D9 COL17A 1

O14497 A RID1A P 16234 P DGFRA Q9UM S6 SYNP O2

O15392 B IRC5 P 22309 UGT1A 1 Q9UNQ0 A B CG2

P03372 ESR1 P 23219 COX1 Q9Y243 A KT3

P04626 ERB B 2 P 25063 CD24

P04637 TP 53 (p53) P 25445 Fas

P06493 CDK1 Q9UGI8 TES

P08243 A SNS Q9NQW6 ANLN
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ANNEX 3 

Main achievements of this thesis 

! Publications 

"ELISA simplification and shortening by using a polymeric signal amplifier. 

Application to MMP-9 detection in plasma and uterine aspirates" (partially described 

in Chapter 5). de la Serna E, Martinez-Garcia E, García-Berrocoso T, Penalba  A, Gil-

Moreno, Colas E, Montaner J, Baldrich E (under revision). 

"Targeted proteomics identifies proteomic signatures in liquid-biopsies of the 

endometrium to diagnose endometrial cancer and assist in the prediction of the 

optimal surgical treatment" (described in Chapter 4). Martinez-Garcia E, Lesur A, Devis 

L, Cabrera S, Matias-Guiu X, Hirschfeld M, Asberger J, van-Oostrum J, María de los 

Ángeles Casares de Cal MA, Gómez-Tato A, Reventos J, Domon B, Colas E, Gil-Moreno A. 

Clinical Cancer Research 2017 (accepted in April). 

"Development of a Sequential Workflow based on LC-PRM for the Verification of 

Endometrial Cancer Protein Biomarkers in Uterine Aspirate Samples" (described in 

Chapter 3).  Martinez-Garcia E, Lesur A, Devis L, Rosa Campos A, Cabrera S, van-

Oostrum J, Matias-Guiu X, Gil-Moreno A, Reventos J, Colas E, Domon B. Oncotarget. 

2016 Aug 16;7(33):53102-53115 

! Patents 

"Markers of endometrial cancer" 

Inventors: Martinez-Garcia, E; Colas E; Gil-Moreno A; Reventós, J; Domon B¸ Lesur A 

Holding Institution: Vall d´Hebrón Research Institute (Spain), Luxembourg Institute of Health 

(Luxembourg) and Biomedical Research Institute of Lleida Foundation Dr. Pifarré (Spain). 

Priority application number: EP16168328.9 

Priority application date: 04th May 2016 

PCT Application number: PCT/EP2017/057635 

PCT application date: 30th March 2017 

"Markers for the differential diagnosis of endometrial cancer" 

Inventors: Martinez-Garcia, E; Colas E; Gil-Moreno A; Reventós, J; Domon B¸ Lesur A 

Holding Institution: Vall d´Hebrón Research Institute (Spain), Luxembourg Institute of Health 

(Luxembourg) and Biomedical Research Institute of Lleida Foundation Dr. Pifarré (Spain). 

Priority application date: to be filed in June 2017 
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! Internships 

During a total of 17 months, I worked in the Laboratory of Proteome and Genome Research 

Unit at the Luxembourg Institute of Health (Luxembourg), under the supervision of Dr. Bruno 

Domon. Here I performed the sample preparation and LC-MS analysis of the studies 

described in Chapters 2 to 4. 

! Grants awarded to continue with the development of the asset 
 
• CaixaImpulse (Caixa Bank): prototype development and mentoring activities (160 h of 

training, networking and mentoring that we received during December 2016-March 2017). 

• FIPSE (Fundación para la Innovación y la Prospectiva en Salud en España): freedom to 

operate analysis and intellectual property costs. Mentoring activities (February-July 2017). 

• VALUNI (Generalitat de Catalunya): regulatory and market studies, attendance to 

partnering, lawyers (January-December 2017).   

• MAP EADA ACCIÓ (EADA business school and Agencia para la Competitividad de la 

Empresa): development of the business plan (2017-2018). 

• IDEA2 GLOBAL PROGRAM (Massachusetts Institute of Technology, MIT): mentoring and 

networking in Madrid and Boston (March-December 2017. The first meeting I attended 

took place in Boston on the 5th-6th June 2017). 

• Mind the gap (Botín Foundation, Santander Bank): launching of business initiatives. 

 

Other publications in collaboration  

"ALCAM shedding at the invasive front of endometrioid endometrial cancer is a 

marker of cancer progression, promotes myometrial invasion and tumour 

dissemination". Devis L, Martinez-Garcia E, Moiola C, Quiles M.T, Arbos M.A., Vasilica 

Stirbat T, Brochard-Wyart F, García A, Alonso-Alconada L, Abal M, Diaz-Feijoo B, Thomas 

W, Dufour S, Mancebo G, Alameda F, Reventos J, Gil-Moreno A, Colas E. Under revision 

"Activated leukocyte cell adhesion molecule (ALCAM) is a marker of recurrence and 

promotes cell migration, invasion and metastasis in early stage endometrioid 

endometrial cancer".  Devis L, Moiola C, Masia N, Martinez-Garcia E, Santacana M, 

Stirbat Tomita V, Brochart-Wyart F, Garcia A, Alameda F, Cabrera S, Palacios J, Moreno-

Bueno G, Abal M, Thomas W, Dufour S, Matias-Guiu X, Santamaria A, Reventos J, Gil-

Moreno A, Colas E. Journal of Pathology. 2017. Mar;241(4):475-487 
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"Nidogen 1 and Nuclear Protein 1: novel targets of ETV5 transcription factor involved 

in endometrial cancer invasion". Pedrola N, Devis L, Llauradó M, Campoy I, Martinez-

Garcia E, Garcia M, Muinelo-Romay L, Alonso-Alconada L, Abal M, Alameda F, Mancebo G, 

Carreras R, Castellví J, Cabrera S, Gil-Moreno A, Matias-Guiu X, Iovanna JL, Colas E, 

Reventós J, Ruiz A. Clinical and experimental metastasis. 2015 Jun;32(5):467-78 

"The EMT signaling pathways in endometrial carcinoma". Colas E, Pedrola N, Devis L, 

Ertekin T, Campoy I, Martinez-Garcia E, Llauradó M, Rigau M, Olivan M, Garcia M, Cabrera 

S, Gil-Moreno A, Xercavins J, Castellvi J, Garcia A, Ramon y Cajal S, Moreno-Bueno G, 

Dolcet X, Alameda F, Palacios J, Prat J, Doll A, Matias-Guiu X, Abal M, Reventos J. Clinical 

& translational oncology. 2012 Oct;14(10):715-20 
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Aún no me creo que haya llegado este momento. Tengo la impresión de que fue ayer 

cuando entraba en el VHIR sin estar segura de si la decisión que había tomado de hacer 

una tesis doctoral era la más adecuada. Han pasado casi 5 años desde entonces y ahora 

estoy convencida de que fue una buena decisión. Cuando echo la mirada atrás veo mucho 

esfuerzo, frustraciones y días de estar a punto de dejar todo y buscar algo totalmente 

diferente. Pero sobre todo veo un trabajo distinto a todos los demás, donde tú mismo te 

marcas las metas y ambiciones. Veo 5 años de aprendizaje continuo, de un gran reto 

personal, de una altísima formación científica y humana. Y veo muchos buenos momentos 

que han sido posibles gracias a todas las personas que han estado conmigo en este viaje, y 

a las que estoy enormemente agradecida. 

En primer lugar me gustaría agradecer a mis directores de tesis, el Dr. Jaume Reventós, la 

Dra. Eva Colás y el Dr. Antonio Gil, por acogerme en esta familia "endométrica", valorarme, 
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