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ENDOMETRIAL CANCER

1. ENDOMETRIAL CANCER

1.1. ANATOMY OF THE UTERUS AND THE ENDOMETRIUM

The uterus is an intrapelvic muscular organ of the feminine reproductive
system. Its main function is the fetus development during pregnancy. It is

located in front of the rectum and is connected to the vagina and Fallopian

<
o
[
O
2
Q
o
14
[
=

tubes. The uterus is divided into 4 regions from the upper to the lowest part: the
fundus, next to the connection point of the Fallopian tubes; the body, the
largest part; the isthmus, a constriction that separates the body from the cervix;

and the cervix, that is the part that opens to the vagina.

Fundus
of uterus \ | umen (cavity)
of uterus

> |
&
“ls— e
)
-

A , Endometrium
= j § —— Myometrium [ Wall of

' 2 : uterus
T~ Perimetrium

Round ligament of uterus

Body of uterus

Isthmus s Internal os
Uterosacral Iigau Cervical canal
Lateral cervical External os
(cardinal) ligament ——

Lateral fornix
Cervix

Figure 1. The human uterus. Adapted from http://www.apsubiology.org/

The uterus wall is composed by three tissue layers (see Figure 1):

e The perimetrium or serosa layer: outer serosa layer that is the continuation
of the peritoneum.

e The myometrium or muscular layer: middle smooth muscle stratum that is
divided into 3 parts: stratum submucosum, stratum vasculate, and stratum
supravasculate, from the inner to the outer myometrium. Changes in these

layers are observed during pregnancy.
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e The endometrium or mucosa layer: inner glandular layer. It consists of a
thick connective stromal tissue, where glands and other type of cells (like
immune cells) are also present, and a simple columnar epithelium of cells,
partially cialiated. The endometrium can be subdivided into 2 parts: the
stratum basalis, maintained quite stable along the menstrual cycle; and the
stratum superficialis, secretory part that is lost and regenerated in each

menstrual cycle in response to hormones !

GnRH = Hypothalamus
}
K/ Anterior
Follicular phase FSHLH pituitary Luteal phase
Mature
Primordial Primary Secondary (graafian) Ovulation Corpus luteum Corpus
follicles follicles follicle ‘ol albicans
llicle - Corpus
. P 4 = e, hemor-
Ovarian cycle £ " ’ g /\ remor. :
§ HiA- v V4
\ 3 ,"' ) [Progesterone and estrogensl
/ B 1
v
de\o
oe / 2
g e
Q ) %,
Uterine % ) y %
S, “35 J 2
(menstrual) d‘,?’ a\.\\,ev 1 = ‘4 %
cycle Stratum 2 ?‘o\'\‘e‘ | \ 2
functionalis ), % g \( f\
5 - | \ %
Stratum \ ¢ /
basalis . ; / !
I | i L v L O i | e e
Days - /12: 3. 4.6 6 T 8 9 94011 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 1 2
Menstrual Preovulatory 4 Postovulatory
phase phase Ovulation phase

(a) Hormonal regulation of changes in the ovary and uterus

LH

Progesterone

Hormone
concentration

(b) Changes in concentration of anterior pituitary and ovarian hormones

Figure 2. Changes during the menstrual cycle. Adapted from Gerard J. Tortora. Principles of

Anatomy and Physiology >.

From puberty and during the reproductive life of women the endometrium is
functional but after menopause it becomes atrophic. When the uterus is
functional, it experiences changes according to the reproductive cycle (Figure
2). Cyclic alterations in the gonadotropin and steroid release are observed as
well as complex interactions between the hypothalamus, pituitary gland and

ovaries 2
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1.2. DISORDERS OF THE ENDOMETRIUM

Different types of endometrial lesions can be developed along the lifetime, from

precancerous to malignant disorders.
1.2.1. Benign Endometrial Hyperplasia

The benign endometrial hyperplasia is a precancerous lesion that appears as a
response of the endometrium to an abnormal estrogenic stimulus resulting in

large polyclonal proliferations 3,

Endometrial hyperplasia is characterized by the remodeling of the glands (gland
dilatation and packing), irregular cellular restructuration, vascular thrombi,
stromal breakdown, and disordered proliferative tissue. Although this lesion is
mostly encountered around the time of menopause or in post-menopause, the
endometrium is still functional and responding to the abnormal hormonal

environment.

Traditionally, we can divide the hyperplasia into 2 types based on the
pathological grade (simple and complex) and the presence of atypia (Figure 3).
The progression to endometrial cancer (EC) will appear in 1% of patients with
simple hyperplasia without atypia, 3% of patients with complex hyperplasia
without atypia, 8% of patients with simple hyperplasia with atypia, and 29% of
patients with complex hyperplasia with atypia *.

In 2000, the International Endometrial Collaborative Group introduced a new
and simpler classification system to better predict progression to cancer, the
endometrial intraepithelial neoplasia (EIN), that defined 3 groups: non-EIN or
benign hyperplasia (polyclonal hormone dependent diffuse lesion), EIN (a
neoplasic monoclonal lesion that can be localized initially but later become
diffuse) and EC. The detection of EIN increases 45-fold times the risk of

developing EC in one year °°.
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Figure 3. Endometrial hyperplasia types 4,

Endometrial hyperplasia is detected usually by the pathological evaluation of an
endometrial biopsy performed to patients with a specific symptomatology (i.e.
presence of abnormal vaginal bleeding) or accidentally due to an exploration
related with another disorder. Neither PAP smear nor standard screening

programs are effective in order to diagnose this lesion.
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1.2.2. Endometrial polyps

Endometrial polyps (Figure 4) are the most common benign endometrial lesions
in reproductive women, but the etiology is unclear. They can be sessile or
pedunculated and the associated risk to a neoplasic transformation is very low.

Sometimes they are detected by an abnormal vaginal bleeding (10-20% of the

cases) and treated easily and quickly by resection .
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Figure 4. Endometrial benign
polyp. Adapted from
https://en.wikipedia.org/

1.3. ENDOMETRIAL CANCER

1.3.1. Epidemiology

EC has an incidence of 61,380 new cases per year (2017), representing a 7%
of the total new cases of cancers. It accounts for 4% of the estimated deaths
per year, being the fourth most common cancer among females in developed
countries (Figure 5). An important problem of EC is that the number of deaths
per year in the last decades has been increasing rapidly (from 2,900 deaths in
1987 to 10,920 in 2017 in USA) 8.
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Estimated New Cases

Males Females

Prostate 161,360 19% s Breast 252,710 30%

Lung & bronchus 116,990  14% B Lung & bronchus 105,510 12%

Colon & rectum 71,420 9% Colon & rectum 64,010 8%

Urinary bladder 60,480 7% Uterine corpus 61,380 7%
Melanoma of the skin 52,170 6% | Thyroid 42 470 5%
Kidney & renal pelvis 40,610 5% ;;'ﬁ J Melanoma of the skin 34,940 4%
Non-Hodgkin lymphoma 40,080 5% 1 J Non-Hodgkin lymphoma 32,160 4%
Leukemia 36,290 4% f: y Leukemia 25,840 3%

Oral cavity & pharynx 35,720 4% fll ; I Pancreas 25,700 3%
Liver & intrahepatic bile duct 29,200 3% ) Kidney & renal pelvis 23,380 3%
All Sites 836,150 100% :: i All Sites 852,630 100%

Estimated Deaths

Males
Lung & bronchus 84,590 2% Lung & bronchus 71,280 25%
Colon & rectum 27,150 9% Breast 40,610 14%
Prostate 26,730 8% Colon & rectum 23,10 8%
Pancreas 22,300 7% Pancreas 20,790 7%
Liver & intrahepatic bile duct 19,610 6% Ovary 14,080 5%
Leukemia 14,300 4% | Uterine corpus 10,920 4%
Esophagus 12,720 4% 1 Leuema 10,200 4%
Urinary bladder 12,240 4% | ‘;"' Liver & intrahepatic bile duct 9,310 3%
Non-Hedgkin lymphoma 11,450 4% .‘F y Non-Hodgkin lymphoma 8,680 3%
Brain & other nervous system 9620 3% \ Brain & other nervous system 7,080 3%
All Sites 318,420 100% L . AllSites 282,500 100%

Figure 5. Ten Leading Cancer Types for the Estimated New Cancer Cases and Deaths by Sex,
United States, 2017. Estimates are rounded to the nearest 10 and cases exclude basal cell and
squamous cell skin cancers and in situ carcinoma except urinary bladder. Adapted from Siegel

etal. @

Most EC patients (67%) are diagnosed when the tumor is still confined to the
uterus (stages | and Il according to the F.I.G.O. classification. See section 1.3.4
for EC classification) and the 5-year survival rate associated to this group is
95%. In those cases diagnosed with high grade EC or when the tumor is

already spread the 5-year survival rate to 35-45% ° (Figure 6).
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Figure 6. Stage distribution and 5-year relative survival rates of EC by stage at diagnosis (data
from United States, 2006 to 2012). Stage categories do not sum to 100% because sufficient

information is not available to stage all cases. Adapted from Siegel et al. 8,

Many studies have tried to elucidate the main causes for EC, and up to date we
know that about 5% of ECs are caused by hereditary susceptibility. Moreover,
some risk factors have been reported, mainly associated with endometrioid EC
(EEC) rather than with the non-endometrioid EC (NEEC) (see
clinicopathological classification section for a detailed description of these EC
subtypes). The most important risk factors for EEC are obesity and
excessive/unbalanced estrogen exposure. The excess of estrogen exposure
can be due to exogenous (i.e. tamoxifen therapy for breast cancer treatment) or
endogenous factors (i.e. early menarche, late menopause, nulliparity, infertility
and chronic anovulation). Diabetes, high dietary fat intake, metabolic disorders
(lipid and carbohydrate catabolism), hypertension and age have been also
associated with increasing risk for EC. It has been also proved that elevate

intake of acid folic and derivates is associated with higher risk to develop NEEC.

Some preventive factors to avoid the risk of developing EC have also been
identified. For example, women that use oral contraceptive pills or are pregnant
most of their lives have associated less risk to develop EC. Both situations
increase the progesterone action and have the opposite effects compared to an
excessive exposure to estrogens. Smoking and physical activity also increase

the protection against EC °,
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1.3.2. Clinical presentation

EC is usually diagnosed at early stages since around 90% of patients present
abnormal vaginal bleeding. The detection of these symptoms, especially when
observed in post-menopausal women, should be considered suspicious for EC.
Just a 15% of post-menopausal women with uterine bleeding will be diagnosed
with EC. The remaining causes of that bleeding are intake of exogenous
estrogens (30%), atrophic endometritis and vaginitis (30%), presence of polyps
(10%), endometrial hyperplasia (5%) and others (10%).

Abdominal pain, changes in bladder functions, abdominal distension, alterations
in vaginal discharge and anemia can be also observed, generally at advanced

stages of EC "°.

1.3.3. Diagnosis

[ Abnormal vaginal bleeding ]

Pelvic examination
&
Transvaginal ultrasonography

i\ Endometrial thickness > 5 mm E
H or persistentsymptoms !

[ Endometrial biopsy J

I 1 |
1

| Endometrial thickness < 5 mm E | |

L ' — +
EC suspicion discarded EC suspicion Endometrial cancer
discarded treatment protocol

Figure 7. Diagnostic procedure.
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A patient suspicious of having EC will undergo a pelvic examination and a
transvaginal ultrasonography. Both methodologies are useful tools in order to
better study the size and shape of the organs and thickness of the endometrial
line. Nevertheless, a definitive diagnosis usually requires an endometrial biopsy.
At early stages of EC, it is difficult to observe alterations in the morphology by
palpation. However, the imaging technique is very effective for symptomatic
patients to discard the presence of polyps and other benign pathologies. This
technique has a sensitivity of an 90% and 54% of specificity. When thickening
of endometrial line is detected (> 5 mm) or if the symptomatology persists,

patient is suspicious for EC and should continue with further tests (Figure 7) ',

A histopatologic examination is commonly needed for the final diagnosis
through an endometrial biopsy. A small sample of the uterus is taken and
observed by a pathologist under the microscope. As the first method of choice,
the biopsy is taken by aspiration and gives a final diagnosis of an 80% of
patients that presented vaginal bleeding or other symptoms. If it is not possible
to get the biopsy by aspiration, the biopsy guided by hysteroscopy and or by
dilation & curettage are other options with a greater statistical outcome as a
diagnostic tool but more invasive. Along with EC diagnosis, the EC type and
grade will be determined by the pathologist in order to guide the primary

treatment, i.e. surgery (see section 1.3.6.).

Sometimes, along with the biopsy, Doppler technique test is also performed. It
gives the resistance index of the arteries and smaller vases: low index
corresponds to higher EC risk and is due to neoformation of vases with less
muscle presence during carcinogenesis. In the case that EC is diagnosed,
magnetic resonance and computed tomographic scan of the abdominal region
are also commonly used in order to determine the grade of myometrial and
cervical invasion as well as to analyze the peritoneal ganglia and the ascites
presence. Moreover, when a patient is diagnosed with high grade EC, it can
also be useful to follow up the tumor biomarker CA125 that can be assessed as

a recurrence indicative %714,
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1.3.4. EC classification

1.3.4.1.

model

Clinicopathological classification and the dualistic

'® proposed the

Regarding the clinicopathological features, Bokman et al.
dualistic model in 1983. According to this model, EC can be divided into type |

or EEC and type Il or NEEC (Table 1).

EEC NEEC

. 80% 20%
Incidence

Perimenopausal or early
Development Elderly women

postmenopausal age
Endometrioid and mucinous

Histological subtypes Papillary serous and cell clear

Mostly low (G1 and G2), but also

High (G3
- gh (G3)

Tumoral grade

Molecular

characteristics

Hormone dependency
Estrogen exposure

Course of the disease
Origin

Diagnosis
Prognosis
Treatment

Recurrence

PTEN (40-80%)
K-ras (20-35%)
Beta-catenin (40%)

Microsatellite instability (20-40%)

Yes
Associated

Slow and stable

Endometrial hyperplasia

Early stages

Good

Hormone therapy sensitive

Low rate

TP53 (90%)
PTEN (10%)
P19 (40%)
E-catherin (80-90%)

No
Non-associated

Agressive
Polyps or precancerous

lesions
Late stages
Poor
Chemotherapy
High rate

Table 1. Main characteristics of EEC (type 1) and NEEC (type II).
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EEC or endometrioid adenocarcinoma accounts for about an 80% of EC
cases. It also includes mucinous, villoglandular and squamous features. This
type of tumor is usually associated to peri-menopausal and post-menopausal
women, estrogen exposition, obesity, and endometrial hyperplasia. It is a
hormone dependent cancer. Around an 80% of the EEC cases are detected
when the tumor is still confined to the uterus. EEC shows a differentiated
histological pattern with glandular and papillary structures and low myometrial
invasion. It use to present a better prognosis in comparison to NEEC. A smaller
proportion of EECs (20%) present a more undifferentiated tumor, with less

presence of glandules, more solid, and atypical cell nucleus "7,

NEEC or non endometrioid adenocarcinoma represents around 20% of the
total EC cases. The papillary serous and cell clear subtype are included in this
group among other histological subtypes that are less prevalent. They generally
are a different clinical and histological entity, less differentiated, more
aggressive. They present worse prognosis and use to appear at elder ages
(post-menopause). It is a non-estrogen associated lesion that does not appear
accompanied by endometrial hyperplasia but can develop from polyps or
precancerous disorders. NEEC are usually diagnosed at advanced stages and

are usually associated to recurrence .

The tumor grade is a good indicative to predict the dissemination of the
disease and its outcome. Well-differentiated tumors have a probability of 90% of
not having proximal lymph node affection. Also, the 5-year survival rate varies
depending on the grade '. As explained in the next section, EEC can present

several grades while NEEC are always associated to high grade tumors.
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1.3.4.2. Histological classification of EC

Regarding the histology of the tumor and the characteristics of the cancer cells,

we can distinguish between the following EC types (Table 2) '2:

Subtype

Arquitectural grade Incidence

Endometrioid adenocarcinoma:

> Villoglandular
(papillary)

» Secretory

> Ciliated cell

» Adenocarcinoma with
squamous

differentiation

Mucinous carcinoma

Papillary serous adenocarcinoma
Clear cell adenocarcinoma
Undifferentiated carcinoma
Mixed carcinoma

Neuroendocrine tumors

¢ G1 (glandular normal characteristics
with less than a 5% of solid non-
squamous regions).

e G2 (6 to 50% of solid non-squamous

80-90%
areas).
e G3 (more than 50% of the tumor
composed by non-squamous tumoral
regions).
1-9%
¢ G3 by definition 5-10%
¢ G3 by definition 1-5%

Table 2. Histological classification of the endometrial cancer.

Endometrioid adenocarcinoma

It is the most common type of EC (80%). It is usually presented as a well-

differentiated tumor, with the presence of small and rounded glands without the

stromal intervention. Several complexity levels can be observed in this type of

EC and also several grades. Low grade tumors are formed by epithelial cells

with uniform nuclei, no presence of atypia and small nucleoli. Cellular axes are

perpendicular to the basement membrane, with or without stratification. High

grade EECs show more atypia, pleomorphism and alterations in the nucleoli.

Necrosis is not or slightly observed and stromal foam cells can be found !
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Endometrioid adenocarcinoma includes (Figure 8):

¢ Villoglandular carcinoma: papillary architecture with stalks, cuboidal or
columnar cells, nuclear pleomorphism and absence or slight
stratification.

e Secretory carcinoma: with an incidence around 1%, it is characterized
by the formation of glands similar to the ones observed in the secretory

phase of a normal endometrium. Vacuolated cytoplasm in columnar cells
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is also observed.

Figure 8. Endometrioid adenocarcinoma histology. a) Long papillary stalks lined by
endometrioid-type cells are characteristic of the villoglandular or papillary variant of endometrial
adenocarcinoma. b) Secretory carcinoma characterized by prominent cytoplasmic vacuoles and
intraluminal secretions. c) Ciliated cell carcinoma. Most of the neoplastic glands are lined by
ciliated cells showing mild to moderate nuclear atypia. d) Squamous differentiation in
endometrial adenocarcinoma is frequent. Adapted from http://www.jpma.org.pk,

http://www.webpathology.com and https://basicmedicalkey.com
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o Ciliated cell carcinoma: it is a very rare type that is characterized by the
presence of ciliated cells without nuclear atypia and eosinophilic
cytoplasm surrounded by glands.

e Adenocarcinoma with squamous differentiation variants:
representing about a 25% of the total number of EECs. The main
features observed are the formation of polygonal cells with eosinophilic
cytoplasm in between neoplasic glands. The cells form intercellular

bridges '

Mucinous adenocarcinoma

It is not a very common type of EC (9%) and it is usually associated to low
grade tumors. They can be included as type | tumors. The main feature of this
histological type is the presence of mucin in the columnar cells cytoplasm.
Nuclear middle atypia is observed and mitoses are unusual. Generally, the
glands form papillary structures and they are cystically dilated with abundant

intraluminal mucin (Figure 9).

3 e\t S A
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Figure 9. Mucinous carcinoma. It is
generally well differentiated and is
characterized by columnar cells with
basally located nuclei and cytoplasm rich
in mucin. Adapted from

http://www.webpathology.com

The following types of ECs are considered NEEC tumors. They are
aggressive and although they represent just about a 29% of the total

number of ECs they have associated the lowest proportion of survivors '°

Serous adenocarcinoma

Serous adenocarcinoma is a very aggressive type of EC with a 5-10% of
incidence. It is usually presented with high myometrial and vascular invasion

and associated to EC stages Il and Ill. They usually spread to the peritoneum,
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liver and lung. Patients with serous adenocarcinoma are usually diagnosed at
advances ages, having a very poor prognosis associated. Histologically, usually
presents a papillary structure with cellular budding, but lesions may grow in a

solid or acinar pattern. Cell nuclei are not well differentiated "% (Figure 10).

Figure 10. Serous carcinoma. Presents
complex arborization of papillary
structures. Cellular budding and tufting
can often be appreciated under low power.
Adapted from

http://www.webpathology.com

Clear cell adenocarcinoma

Clear cell carcinoma represents a 1-5% of the total cases of EC. It is less
common than the serous type but it also has a very low 5-year survival rate
associated. It usually appears in postmenopausal women as a high grade
disease. Presence of clear cells (because of the accumulation of glycogen in
the cytoplasm of the cell), but also other cells like cuboidal cells are commonly
found. The main patterns observed under the microscope are the papillary,

tubulocystic, glandular and solid *° (Figure 11).

Figure 11. Clear cell carcihnoma may
exhibit a solid pattern consisting of sheets
of clear cells separated focally by thin
fibrous bands. Adapted from

http://www.webpathology.com
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Undifferentiated carcinoma

Undifferentiated carcinomas are a group of ECs that include those tumors that
do not show glandular neither squamous differentiation. They include large and
small cell carcinomas, characterized histologically by the observation of
multinucleated giant cells or diffuse sheets of undifferentiated cells respectively

(Figure 12). Both have a very poor associated survival rate.
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Figure 12. Small cell carcinoma. Adapted

| from Chen et al. 2"

Mixed carcinoma

Mixed carcinomas are tumors that contain different type of cells (each one
accounting at least for a 10% of the total tumor). Not much is known about

these tumors but they use to present a behavior similar to high grade ECs.
1.3.4.3. FIGO staging

Nowadays, EC is classified by stages according to the Federation of
Gynecology and Obstetrics (FIGO). The FIGO staging is based on information
retrieved by the uterine examination after its resection. The parameters that are
assessed are the percentage of myometrial and cervical invasion, histological
grade, metastasis to proximal organs and pelvic lymph nodes and distal
dissemination. This classification, together with the clinic-pathological

information, permits to classify patients based on their risk of recurrence 2%

FIGO defines staging criteria since 1988, but already in the 1950s FIGO

elaborated a first set of rules for the classification of the gynecological cancers.
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The last modification of FIGO staging was done in 2009 and published in 2010

(Table 3) .

Stage I*  Tumor confined to the uterine corpus but not to the uterine serosa

1A

B

No presence or < 50% of myometrial

invasion.

= 50% of myometrial invasion.

Stage II* Tumoral invasion of the cervical stroma, but not extended beyond the uterus

Stage llI* Local and/or regional dissemination of the tumor

A

1B

Inc
Nc1
ncz

Invasion of the serous layer of the

uterine corpus and/or adnexae.
Vaginal dissemination.

Metastasis to pelvic and/or para-aortic

lymph nodes.
Positive pelvic nodes.

Positive para-aortic nodes with or

without implication of the pelvis nodes.

Stage IV* Bladder or intestinal mucosa invasion of the tumor and/or distal metastasis

IVA

VB

Bladder or intestinal mucosa

involvement.

Distal metastasis including intra-
abdominal, extra-abdominal
dissemination and/or inguinal lymphatic

nodes.

*They can be grade 1, 2 or 3.

Table 3. FIGO endometrial cancer staging. Adapted from Pecorelli et al. 2009 3,

1.3.4.4. Molecular classification: the TCGA model

Although there were already evidences of the molecular alterations associated

to each EC type of the dualistic model (as seen in Table 1), The Cancer

Genome Atlas (TCGA) has recently developed a classification system that

includes more extensively the molecular alterations that characterize EC types.
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Four molecular groups are defined %:

o POLE ultramutated. It is the smallest group representing about 10% of
EECs. They are characterized by the presence of mutations in the exonuclease
domain of POLE. They usually present good prognosis. Among the POLE
ultramutated carcinomas, 60% are high grade EECs.

o Microsatellite instability hypermutated. This group presents a very
high mutation rate and is characterized by high MH1 promoter mutilation
events. It involves EEC tumors.

o Copy-number-low. This group is associated to low mutation rates
(mainly affecting PTEN), frequent (52%) mutations in CTNNB1 and presents
intermediate prognosis.

o Copy-number-high. Group composed mostly of serous-like tumors.

They present genomic instability and TP53 mutations ( >90% of the cases).

1.3.5. Prognostic factors

Generally, EC presents a favorable prognosis since it is usually detected at
early stages. However, some patients recur when the tumor is still confined to
the uterus. This is because there are relevant subgroups of patients that
present poor prognosis. For this reason, it is very important to establish
accurate predictive and prognostic factors in order to identify those patients
presenting poor prognosis in order to be able to select the best primary and
adjuvant treatment.

The EC prognostic factors are commonly divided into uterine and extra-uterine
factors. Uterine factors include histological grade, histological type, depth of
myometrial invasion, presence of atypical endometrial hyperplasia, vascular
invasion, cervical affection, DNA ploidy and S-phase fraction and hormone
receptors expression. On the other hand, extra-uterine factors include positive
peritoneal cytology, adnexal involvement, pelvic and/or paraaortic lymph node
metastasis, and peritoneal metastasis. The most significant prognostic factors
are the histological grade and type, the percentage of myometrial invasion and
the affection of the lymph nodes ?’.

The FIGO stage is the most important individual prognostic factor and, for this
reason, it is the most used as reference. Advanced FIGO stages are associated
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to significant reduction of the survival. The involvement of regional lymph nodes
is also an important factor to consider although the benefits of a
lymphadenectomy in women presenting early stage tumors is still controversial.
It is necessary to assess the prognostic factors before and after the surgery
treatment in order to define the stage of the tumor properly and the risk of
recurrence that each patient has associated %.

In clinics, all this information is needed to classify patients into different
recurrence risk (Table 4). The 5-year risk of recurrence for patients included in
the intermediate and high-intermediate risk groups is established to be between
20 and 25%. Differently, the high and advanced risk group present around 30-
65% of recurrence risk. Interestingly, NEEC only represent a 10% of diagnosed

ECs but they account for more than 50% of total recurrences and deaths %°.

Risk group Description
Low risk - Stage IA G1-2 with no LVSI (Type I)
Intermediate risk - Stage 1B G1-2 with no LVSI (Type I)
- Stage IA G3 regardless of LVSI (Type I)
High-intermediate risk - Stage | G1-2, LVSI unequivocally positive, regardless

of depth of invasion (Type I)
- Stage IB G3 regardless of LVSI (Type I)

- Stage Il
High risk . )
- Stage Il (Type 1), no residual disease
- All Type Il
- Stage Il residual disease
Advanced
- Stage IVA
Metastatic - Stage 1VB

Table 4. Risk stratification used to guide adjuvant treatment, Colombo et al. 2, (FIGO 2009
staging used; molecular factors were considered but not included; tumor size was considered
but not included; nodal status may be considered for treatment recommendations (G: grade,

LVSI, lymphovascular space invasion).
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1.3.6. Treatment

1.3.6.1. Preoperative risk assessment

According to the recommendations adopted by the ESGO-ESMO-ESTRO
consensus conference, an extensive evaluation is mandatory before surgery. It
must include family history, list of comorbidities, geriatric assessment, clinical
examination, transvaginal or transrectal ultrasound, pathology assessment (type
and grade of the tumor) of an endometrial biopsy or curettage sample.
Endometrial biopsies are obtained by aspiration o guided hysteroscopy and
serve as a confirmatory diagnostic sample and also to assess the tumor grade

and histological type %.

The pre-operative staging (defined by the type and grade of the tumor, the
percentage of myometrial invasion and the cervical involvement) and the
medical condition of the patient will guide the extent of the surgery, which is the
primary EC treatment. The magnetic resonance imaging (MRI) is considered
the preferred imaging technique for preoperative staging, especially to
determine myometrial invasion, lymphatic metastases and cervical involvement.
The definitive staging of the tumor will be determined after surgery and it is

known as clinical staging *°.

The main objective of achieving a proper risk assessment is to classify correctly
patients into those groups of risk for lymph nodes dissemination and disease

recurrence to define the best surgical treatment.
1.3.6.2. Surgery

The first step in the EC treatment is a surgical intervention based in a
hysterectomy with bilateral salpingo-oophorectomy. Depending on the tumor
characteristics and the stage of the disease, a full pelvic and para-aortic

lymphadenectomy will be also required.
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The surgical procedures that are recommended depending on the tumor stage

are listed in Table 5:

Preoperative staging

Recommended surgical procedure

Stage |

Stage I

Stage llI

Stage IV

Serous and

cell clear

- 1A; G1-G2

- IA; G3

- IB; G1-G2-G3

- IVA

- IVB

Hysterectomy with bilateral salpingo-oophorectomy

Hysterectomy with bilateral salpingo-oophorectomy * bilateral

pelvic-para-aortic lymphadenectomy

Hysterectomy with bilateral salpingo-oophorectomy + bilateral

pelvic-para-aortic lymphadenectomy

Radical hysterectomy with bilateral salpingo-oophorectomy

and bilateral pelvic-para-aortic lymphadenectomy

Maximal surgical cytoreduction with a good performance

status

Anterior and posterior pelvic exenteration
Systemic therapeutical approach with palliative surgery

Hysterectomy with bilateral salpingo-oophorectomy, bilateral
pelvic-para-aortic lymphadenectomy, omentectomy,

appendectomy and peritoneal biopsies

Table 5. Surgical treatment based on tumoral staging. Adapted from Colombo et al.

(G: grade).

1.3.6.3.

31

Adjuvant treatment

Most of the EC patients are diagnosed with low risk of recurrence and are just

treated with surgery. However, the disease stage and the recurrence risk of the

patient will define the recommended adjuvant treatment (Table 6).
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Preoperative staging

Recommended adjuvant treatment

Stage |

Stage |l

Stage IlI-IV

- lA; G3

- IB; G1-G2

- IB; G3

- IA; G1-G2 Observation

Observation or vaginal BT (if NPF: pelvic RT and/or adjunctive

chemotherapy could be considered)

Observation or vaginal BT (if NPF: pelvic RT and/or adjunctive

chemotherapy could be considered)

Pelvic RT (if NPF: combination of radiation and chemotherapy could

be considered)
Pelvic RT and vaginal BT

- If grade 1-2 tumor, myometrial invasion <50%, negative LVSI and

complete surgical staging: BT alone.

- If NPF: chemotherapy + RT
Chemotherapy

- If positive nodes: sequential radiotherapy

- If metastatic disease: chemotherapy — RT for palliative treatment

Table 6. Recommended adjuvant treatment based on tumoral staging. Adapted from Colombo

etal. ¥ (G: grade, NPF: negative predictive factor, BT: brachytherapy, RT: radiotherapy, LVSI,

lymphovascular space invasion).
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2, BIOMARKERS FOR ENDOMETRIAL CANCER

2.1. BIOMARKER DEFINITION AND PIPELINE

The working Group of the National Institute of Health defined a biomarker as “a
characteristic that is objectively measured and evaluated as an indicator of
normal biological processes, pathogenic processes, or pharmacologic
responses to a therapeutic intervention”. An ideal biomarker should be easily
obtained with minimum discomfort or risk to the patient, specific, sensitive,
reproducible, objective, quantifiable and economical . In spite of the high and
increasing incidence of EC, current tools to detect the disease at early stages
are insufficient to manage it and to decrease its associated mortality rate; thus,
molecular diagnostic biomarkers (preferably in non-invasive samples) are
needed * (Box 1). The limiting factor in the use of biomarkers in the diagnosis
of EC is their lack of specificity **. Biomarkers might include any type of

bioactive material, such as DNA, RNA, proteins and metabolites.

____________________________________________________________

Box 1. Biomarker classification based on their application:

Predisposition or screening biomarker: is a predictor of the probability of

developing a specific disease.

Diagnostic biomarker: indicates if an individual has or not a specific disease.

Prognostic_biomarker: indicative of the disease course in a patient already

diagnosed with a specific pathology, usually after standard treatments.

Predictive or therapeutic biomarker: helps determining which patients are most

likely to benefit from a specific treatment option. It has a potential value for

improving new and more personalized therapies.

]

The procedure for a molecular biomarker panel development includes 3 phases:

discovery, verification and validation. Following this pipeline, the final goal is to
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translate a specific biomarker or panel of biomarkers for clinical use for
improving patient management and clinical outcomes. Through the biomarker
development pipeline, while the number of candidates is invariably reduced to a
few validated biomarkers, the number of human samples increases significantly
in order to test and establish clinical efficacy of the biomarker panels (Figure
14).

N
I~
| N
(EaEamama= DISCOVERY = VERIFICATION = VALIDATION --- = N
= -5
|.9 8 8 ﬁ \\
'S 8 e 4
=l O 7
:_ 2 { Untargeted platform J‘ [ Targeted platform J ‘[ Pre-clinical molecular J § .’
-——- - - assays --- L

~

~

Number of biospecimens

Number of candidates/markers

Figure 14. Biomarker development pipeline.

2.2. ENDOMETRIAL CANCER DIAGNOSTIC BIOMARKERS

Over the last decades, many studies have been performed in order to discover
diagnostic biomarkers for EC. Transcriptomics and proteomics have been the
most explored and promising fields until the moment for the biomarker
identification. From 1978 to 2017, over 700 proteins have been identified as
candidate biomarkers for EC. The most robust candidate biomarkers would be
those that are identified and validated in an independent cohort of samples and
by different research groups. Hence, 10 proteins have been described as
possible EC diagnostic biomarkers in 3 or more validation studies: HE4, CA125,
SLC2A1, MMP9, FOLR1, VEGFA, CD44, SAA1, TP53 and BCL2. The two most

investigated proteins as EC biomarkers have been HE4 and CA125 *°.

Some of these studies demonstrated possible molecular diagnosis applicability.
Unfortunately, none of the studies reported presented candidates with enough
sensitivity, specificity and reproducibility compared to the current clinical

diagnostic tools.
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2.3. BIOMARKER SOURCES: CLINICAL SAMPLES

Most of the discoveries in EC have been performed using tissue biopsies as a
biomarker source, followed by plasma/serum *°. The main advantage of using
tissues for a discovery phase of a biomarker pipeline is that any potential
biomarker in the altered tissue will present a higher concentration compared to
any other biofluid. However, profiling approaches of tissues are subject to
sampling bias since they only provide a snapshot of the tumoral heterogeneity

and the collection of the sample requires invasive procedures for the patient %,

In contrast, liquid biopsies (containing circulating cells, nucleics acids,
proteins, lipids, extracellular vesicles and other molecules) can be used for
clinical oncology studies since they can capture better the molecular
heterogeneity of primary and metastatic cancers and the dynamic information of
the tumors at the time of blood drawing. Blood serum or plasma are the most
used clinical fluid samples for the identification of biomarkers since they are
collected routinely in the laboratory in a rapid and minimally invasive way. In
addition to blood, many other human body fluids containing tumoral information
can be used, such us saliva, ascites fluid, urine, pleural effusions, cerebrospinal
fluid, amniotic fluid, etc . In EC research, the use of a proximal biofluid such as
endometrial aspirates (also called pipelle biopsies or uterine aspirates) could
be more appropriate for a discovery since they are in direct contact with the site
of disease, the endometrium in this case. The proximal biofluids are likely to be
enriched in potential biomarkers coming from the altered tissue and represent

an alternative matrix for biomarker discoveries 638

. Moreover, endometrial
aspirates can be obtained quickly and routinely in the doctor's office with
minimal risk for the patient (minimally-invasive sample). They also present
some limitations including small sample volume, higher heterogeneity and
diluted concentration of molecules and possible blood contamination. In the
literature, just nine studies analyzing endometrial aspirates for discovery

purposes in EC have been published (see Table 7).
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Publication title Authors Year Journal PMID
Diagnosis of endometrial cancer in
patients with postmenopausal bleedin ,
. 9 Niklasson O Gynecological
by analysis of the lactate 39 2004 15099950
. o etal. Oncology
dehydrogenase isoenzyme activity
profile in uterine fluid
Transvaginal ultrasound and lactate
) . International
dehydrogenase isoenzyme activity )
e . ) ) ) Niklasson O Journal of
profile in uterine aspirate for diagnosis P 2007 ) 17367317
. ) ) ) et al. Gynecological
of endometrial carcinoma in women with
) Cancer
postmenopausal bleeding
Journal of
Comprehensive proteomic analysis of Casado-Vela
. ) ) “ 2009 Proteome 19670903
human endometrial fluid aspirate Jetal.
Research
Digital morphometry of Mahovli¢ V Collegium
. i ; P 2010 i 20437635
cytologic aspirate endometrial samples et al. Antropologicum
Molecular markers .
. ) Colas E et International
of endometrial carcinoma detected 38 2011 21207424
] ) . al. Journal of Cancer
in uterine aspirates
Perez-
Molecular diagnosis of endometrial International
i i SanchezC 2013 23649867
cancer from uterine aspirates al. % Journal of Cancer
et al.
Development of a sequential workflow )
Martinez-
based on LC-PRM for the verification ]
. ) GarciaEet 2016 Oncotarget 27447978
of endometrial cancer protein |4
al.
biomarkers in uterine aspirate samples
Targeted proteomics identifies proteomic
signatures in liquid biopsies of the Martinez-
Clinical Cancer
endometrium to diagnose endometrial  GarciaE et 2017 28790116
o o 4 Research
cancer and assist in the prediction of the al.
optimal surgical treatment
Genetic analysis
of uterine aspirates improves the
] . ] Mota A et al.
diagnostic value and captures the intra- 2017 Modern Pathology 27586201

36
tumor heterogeneity

of endometrial cancers

Table 7. Publications in endometrial aspirates associated to endometrial cancer discoveries.
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2.4. EXTRACELLULAR VESICLES AND EXOSOMES

Extracellular vesicles (EVs) are present in liquid biopsies; they are released
by many cell types (including cancer cells) into the extracellular milieu. EVs are
phospholipid bilayer-enclosed vesicles that have emerged as key mediators of
cell-to-cell communication in either physiological or pathological situations via
the horizontal transference of biologically active cargo (i.e. proteins, nucleic
acids, enzymes, signaling molecules, mRNA, miRNAs, long non-coding RNAs,
lipids, sugars, oncomolecules) suggesting that they can modulate the activity of
the recipient cell (Figure 15). In physiological conditions, they can act as
immune-modulators, and can participate in specific processes like programmed
cell death, angiogenesis, protein trafficking, inflammation and coagulation. Over
the years, researchers have indicated also their role as potential circulating
biomarkers. Moreover, the role of EVs promoting epithelial to mesenchymal
transition (EMT) processes, the formation of pre-metastatic niches and inducing

metastasis has increased significantly 3"

. They also have capabilities
modifying the metabolic environment, remodeling the vascular organization,
modulating immune suppression, regulating tumoral transformation and growth,

acquiring therapy resistance and determining the organotropic homing “®4’.

EVs are classified into two groups: microvesicles (MVs) and exosomes. MVs
shed directly from the cellular plasma membrane by budding and they range
between 100 and 1500 nm; whilst exosomes are produced by budding of the
late endosome or multivesicular bodies (MVBs) that fuse with the plasma
membrane realizing their vesicular content as exosomes. Exosomes range

4548 There are still limitations to confirm the intra-

between 30 and 120 nm
luminal origin of the isolated vesicles (i.e. mainly lack of specific biomarkers).
Thus, enriched vesicles having similar morphology and size and unknown
biogenesis are defined as Exosome-Like Vesicles (ELVs). In Chapter | of the

Results section we will use this nomenclature.

EVs can be isolated from body fluids (i.e. plasma, urine, pleural effusions,

breast milk, and saliva) by centrifugation-based techniques such differential
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centrifugation procedures or density gradient centrifugation protocols (i.e.

sucrose gradient) coupled with ultracentrifugation. An important disadvantage of

{./ EV composition and \.‘
‘ properties

Ectosomes

/ O (MVs, LOS)

o Exosome-like

\ O Exosomes /
A
N

~ N
[ EV contentand activity

O Protein enrichment
@ DNA content

Molecular cargo
,‘ Oncogenic cargo
\ (oncosomes)

)

EV biogenesis
(vesiculome)

Figure 15. Impact of oncogenic transformation on EVs mediated communication in cancer.
Oncogenic pathways affect a wide spectrum of genes, and through this influence, the
production, biogenetic pathways (vesiculome), molecular content, protein loading, wider
molecular profile, oncogenic cargo and the uptake of EVs in cancer. Cancer-related distortion of
cellular signalling influences the output of major classes of EVs, such as ectosomes, MVs, large
oncosomes (LO), and exosomes. This effect also often extends to protein enrichment of cancer
EVs, their molecular composition, abnormal emission of DNA and exit of oncogenic

macromolecules themselves, as oncosomes. Adapted from Choi et al. 9.

using centrifugation coupled to ultracentrifugation-based protocols is the
inability to separate subtypes of EVs (i.e. sedimentation of MVs together with
apoptotic bodies). The addition of filtration steps or the use of density gradient
methods enhances the purity of the exosomal population, but these techniques
require more sample volume and are time consuming. In an effort to find an
optimal isolation procedure, some other alternative methods for exosomal
enrichment have emerged such as immunoaffinity capture, polymer-mediated

precipitation and filtration-based protocols. Moreover, many commercial kits
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have been developed during the last few years in order to isolate EVs in a quick
and easy way (i.e. ExoQuick and bead-based protocols). These kits have
associated certain limitations since they are quite expensive and most of them
co-precipitate EVs with other protein complexes. There is no consensus yet for
a standard isolation method of EVs and exosomes, for this reason, the isolation

protocol has to be elected regarding the scientific purpose.

Exosomes are considered to be valuable sources for biomarkers due to their
presence and stability in most body fluids. Specifically, exosomes derived from
tumoral cells likely serve as biomarker for early detection of cancer as they
transport the cargo that reflects genetic and signaling alterations in the original
cancer cells. As a result, exosome-based diagnostics are expected to provide
higher sensitivity and specificity over conventional biopsy or liquid biopsy
biomarkers. In consequence, exosomes are qualified as minimally invasive
biomarkers for early detection, diagnosis and prognosis of cancer *°. Some of
the most relevant pre-clinical and clinical studies that identified diagnostic,
prognostic or predictive biomarkers present in patient exosomes are listed in
Table 8.
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Cancer type Exosomal protein Body fluid References (PMID)
CD24, EpCAM, EDIL3,
Blood, 21601258, 26603257, 27250024,
Breast Fibronectin, Survivin 2B, Survivin,
ascites fluid 24620748, 18507061, 24620748
CEA, Tumor antigen 15-3
Survivin, PCA-3, TMPRSS2,
Prostate 3-catenin, PSA, PSMA, ITGAS3, Blood, urine 23091600, 19401683, 25688242
ITGB1, PTEN
Pancreatic Glypican-1, MIF Blood 26106858, 25985394
TGFR1, MAGE 3/6, CD24,
Ovarian EpCAM, CA125, Claudin4, Blood 19619303, 24466501
L1CAM, ADAM10, EMMPRIN
Glioblastoma EGFR, CD63 Blood 23142818
Colorectal CD147,CD9 Blood 24710016
TACSTDZ2, EDIL3, Mucin4,
Bladder EPS8L2, a6integrin, MUCA1, Urine 23082778
Basigin
Lung EpCAM, EGFR, CEA, LGR1 Blood 25735706, 21557262, 24400444
CD63, Caveolin1, TYRP2, VLA4,
Melanoma Blood 22635005, 19381331, 24952934
HSP70
Blood,
Nasopharyngea LMP1, Galectin-9, BARF1 ) 17156439
saliva
MMP9, EMMPRIN, carbonic
Renal cell Urine 23511837
anhydrase
Spongioblastoma PDPN, IDH1, EGFR-VII, EGFR Blood 24952934, 19011622, 23142818
Stomach HER2, CCR6 Blood 20043223

Table 8. Exosomal protein biomarkers from body fluids of patients in pre-clinical and clinical

studies. Adapted from Soung et al. * and Li et al. °*.
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3. CLINICAL METABOLOMICS

Metabolomics is a relatively new “omics” science that was recognized at the
end of 1990s *2. Like the other classic “omics” (genomics, transcriptomics and
proteomics) it is considered to be an important tool in order to be able to
analyze and understand the complexity of the physiological situation compared
to the older reductionist approaches that used to study individual genes,

% The field of metabolomics is centered in the

transcripts or proteins
quantitative analysis of a large set of small molecules (<10 KDa) that are the
final products of the cell activity giving as a result an instantaneous snapshot of
the complex physiological status of a biological system (Figure 16). It is a
phenotypic readout of the changes produced in a cell, tissue, organ or organism

as a response to internal or external stimuli >*.

GENOMICS
(20.000 genes)

TRANSCRIPTOMICS
(100.000 transcripts)

PROTEOMICS
(>1.000.000 proteins)

PROTEIN

DNA
RNA

METABCLITE

METABOLOMICS

(2.500-10.000.000 small molecules)

Figure 16. Omics pyramid of life. Alterations at the genome and proteome level (physiological
changes) can be detected in the metabolome. The metabolome also responds to environmental

changes.
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CLINICAL METABOLOMICS

The metabolome is the integration of a cell/lorganism genetic, nutritional,
pharmacological and environmental status °°. Thus, the metabolome can be

fractionated into (Figure 17):

e Endogenous metabolome: set of metabolites characteristic of a specific
biological system in a specific physiological situation.

e [Exogenous metabolome: metabolites derived from the microflora
(microbial metabolome) and from drugs, pollutants and nutritional factors

(xenometabolome) *°.

Amino acids

N

Drugs Characterized
(40%)

ENDOGENOUS
METABOLOME

Porphiryns Pyrimidines

)
Lipids \

MICROBIAL
METABOLOME

XENOMETABOLOME Uncharacterized

(60%)

METABOLOME

Polysaccharides Purines _

/_/.

p

J

Aromatic compounds

Figure 17. Human metabolome composition.

One of the advantages of the metabolomics is that the basic metabolic
pathways and metabolites are much more conserved among different species
than the genome, transcriptome and proteome. Hence, metabolomics can be
considered a standard language among organisms integrating the complexity of

life °”. Moreover, subtle alterations at gene, transcript or protein level can result
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in big changes in the metabolome offering a potential advantage of this field in

terms of sensitivity and specificity compared to conventional clinical approaches
58

The analysis of the metabolome in a specific physiological status such health or
disease, will be unique for each individual or system offering the possibility to
detect potential risks for a biological disorder that will finally help developing

advances in terms of individualized treatments 8.

Biomedicine has been the area that has taken more advantage of metabolomics
advances. The investigation in the metabolomics field in the context of human
disorders have been focused in: a) the understanding of the molecular basis
and metabolic pathway alterations of human disease; b) the identification of
diagnostic and prognostic biomarkers that offer higher sensitivity and specificity;
c) the translational applications in the metabolomic field including the
metabolome reprogramming, defined as the use of metabolomic techniques for
preventive or disease treatment purposes through the reconstitution of

perturbed metabolic pathways *’.

In a biological system, the chemical transformations that generate and module
the metabolome are catalyzed by enzymes. They are the responsible of the
metabolic cascades that define each metabolic pathway maintaining the cellular
homeostasis. Metabolites are the end products of the metabolism. The
regulation of the metabolism can be performed at a genetic, transcriptional,
post-transcriptional and allosteric level. Exogenous crucial metabolites can
reprogram the metabolism since the abundance of a determined metabolite
modulate the activity of several enzymes, affecting the metabolic pathways and

networks °’.
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3.1. METABOLOMIC APPROACHES
The two approaches commonly used for the recovery and identification of

metabolites are targeted or untargeted (also known as global) mass-

spectrometry-based metabolomics (Figure 18):

[ Metabolomics approaches }
[ Targeted analysis ] [ Untargeted analysis ]

- _ v ldentification of metabolites
v Quantification of a predefined set of correlated with the investigated subject
known metabolites or analysis of a (disease, response to a physiological
specific set of related metabolites change, genetic mutation) to define a
belonging to the same metabolic metabolic discriminative signature or
pathway or presenting the same comprehensive characterization of the
chemical structure. whole metabolome.,
v Usually quantitative. v Less exact quantitation (increased

capability adding standards).

v Limited to a few hundred or less

metabolites. / Identification of large number of
metabolites.

v Used to validate a hypothesis and

for pathway anaysis. v Useful for discovery research and
starting points to generate hypothesis.

Metabolite coverage
Quantitative reliability Complexity of data processing
Effort for method construction

Figure 18. Metabolomics approaches. Comparison of targeted and untargeted analysis.

e Untargeted or global metabolomics is focused on the analysis of a
wide range of small molecules that are not previously known. The
biochemical and physical properties of the recovered molecules will be
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determined by the extraction and separation methods used. The large
amount of data obtained will require complex bioinformatics tools. This
technique is very effective to detect novel perturbations. Some small
unknown molecules detected may remain unannotated in the

metabolomics databases.

e Targeted metabolomics measures a set of metabolites previously
known with a higher sensitivity and specificity. The quantification can be
much more accurate. The concentration of the analyte in a biological
sample is extrapolated from a standard curve for the metabolite of
interest. This approach is an important part of the metabolomics workflow
since it provides analytical validation for the biomarkers identified by

untargeted techniques *°.

3.2. METABOLOMICS WORKFLOW

The use of metabolomics in biomedicine assumes that one alteration in a
biosystem (i.e. disease) will disturb the pathway homeostasis resulting in
changes in the metabolomic phenotype that will result in different metabolomic
signatures compared to the control situation (i.e. healthy subject). To identify
this differential profile of the metabolome and be able to validate it for further
clinical applications, an adequate, standard and robust metabolomic workflow
must be followed. Moreover, due to the differences in the physic-chemical
properties of the metabolites, metabolomic approaches will always have a
certain grade of bias. This is another reason why the selection, extraction,
detection, and analysis of the metabolites must be optimized to draw accurate

conclusions .
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A metabolomic approach includes several steps that are represented in Figure

R o St R 7
‘ Biological sample collection :

19:

Data preprocessing:

v Outlier screening
v Filtering

v Baseline correction
v+ Peak detection

v Peak alignment

Verification phase:

v  Metabolite identification
(MS/MS, MSe)

Figure 19. Metabolomics workflow.
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3.2.1. Sample collection and preparation

There are many types of samples that can be analyzed using metabolomic
approaches including whole organisms (i.e. bacteria), tissues, biofluids and
cells. As cited in Section 2, liquid biopsies and EVs are considered valuable
sources for metabolomic studies. Samples must be properly labeled and stored
(preferably at - 80 °C).

Sample collection, preparation and storage have to be consistent in order to
prevent biased analysis, degradation of metabolites or appearance of
contaminants external to the original sample. This is also important to allow the
comparison of the abundance of the metabolites of interest among samples.
Sample preparation requires the extraction of metabolites of a specific sample
into a liquid form since it is not possible to analyze any sample without a
previous preparation (but always trying to work with minimal pretreatment of the
sample) °'. In order to avoid degradation or variations of the original sample
metabolome and depending on the type of sample, several stabilization
methods will be used. These quenching methods include freezing the sample or
the use of chemicals like nitric acid (for protein precipitation), sodium azide (to

prevent bacterial growth) and antioxidants.

Due to the heterogeneity of the metabolites, it is impossible to establish a
standard protocol or platform to cover the entire metabolome. The platform is
defined by the sample preparation method and the chromatographic technique.
Usually combinations of several extraction protocols (for polar/hydrophilic and
non-polar/lipophilic metabolites) are followed for each sample in order to get the
best possible coverage. During metabolomics experimental procedure, small
molecules losses may occur due to protein co-precipitation, low solubility with
the solvent or solvent saturation effects. These events are matrix-dependent
and this is the main reason why a specific biological sample is usually prepared
by different metabolomic extraction methods. While each metabolomic platform
has different sample pretreatment requirements, deproteinization is required for
all methods because the protein presence may strongly influence precision,

62

accuracy and instrument lifetime For either targeted or untargeted

approaches, generally a final step of the sample preparation requires
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evaporation to concentrate the molecules and to be able to resuspend them

with the desired solvent right before the metabolomic analysis 2.

For the extraction of polar metabolites, the most commonly used extraction
method is organic solvent-based protein precipitation followed by centrifugation
or membrane techniques (ultracentrifugation). For the extraction of non-polar
metabolites, mostly lipids, it is commonly wused a mixture of
chloroform/methanol (in a ratio 2:1 or 1:2) with subsequent addition of 1 volume
of chloroform and 1 volume of water. In both cases, for studies with large
amount of samples automated protocols using 96 well plate formats are also

commercially available .

3.2.2. Data acquisition

There are two main methods used in metabolomics to obtain the data from the
prepared biological samples, nuclear magnetic resonance (NMR)
spectroscopy and mass spectrometry (MS). NMR was used for the first
experiments, but from 2005, MS techniques have been chosen ®*. Both are
semi or totally quantitative techniques that measure the concentration of small

molecules.

NMR spectroscopy is based on the exploitation of magnetic properties allowing
the identification of different atomic nuclei based on their resonant frequencies,
which are dependent on their locations in the molecule. It is associated to quick
and easy sample preparation procedures. It is a rapid, non-destructive and non-
invasive technique that provides highly quantitative and reproducible (> 98%)
results. The observed unique pattern of resonance peaks can be reliably
assigned to a specific metabolite; and the area of each peak is representative of
the relative concentration of each nuclei resonating at a particular frequency.
NMR has the ability to analyze liquid but also solid samples and, moreover,
provides structural information. NMR spectroscopy is used to determine the
effect of drugs, toxins, to study diseases and to trace metabolic pathways.
However, compared to MS-based approaches, NMR is less sensitive resulting
in difficulties to detect low-abundance metabolites. For this reason, this

technique requires large sample volumes and involves more expensive
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instrumentation. These are the main reasons why metabolomics community

shifted to MS techniques 8.

MS is a highly sensitive technique that allows the detection, quantitation and
structure elucidation of metabolites. This technique allows the detection of
thousand small metabolites in a single experiment. It is an excellent analytical
platform (Box 2) for metabolomic studies since it provides very reproducible and
versatile data. MS-based experiments usually require more extensive sample
preparation procedures compared to NMR. It measures the masses of
molecules and their fragments to determine their identity by measuring the
mass-to-charge ratio (m/z) of ions that are formed by inducing the loss or gain
of a charge from neutral species. The prepared sample is injected into the mass
spectrometer in liquid phase. Although direct sample infusion can also be
implemented (i.e. high-throughput experiments), most MS projects require a
prior chromatographic separation method before entering the mass
spectrometer that minimizes signal suppression and allows for greater
sensitivity; and by providing a retention time identifier it can further aid
metabolite identification. This separation reduces the complexity of the mass
spectra due to a separation of metabolites in a time dimension (Figure 20). The
main separation methods coupled to MS and used in the literature are gas

chromatography (GC) and liquid chromatography (LC) **.

e Gas Chromatography-Mass Spectrometry (GC-MS) allows the
restricted detection of compounds that are volatile or those which can be
volatilized. One limitation of GC-MS techniques is that they require a
proper derivatization procedure that is time-consuming, costly and may
cause artifacts. The derivatization decreases the polarity and increase
the volatility of compounds. Moreover, improves chromatographic
resolution and peak shape and increases thermal stability of some
compounds. However, an advantage that GC-MS has compared to LC-
MS is the existence of extensive databases based on fragmentation

patterns that help the identification of metabolites ®*°’.
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Liquid Chromatography-Mass Spectrometry (LC-MS) is the technique
predominantly used as it enables the detection of the highest number of
metabolites (hydrophilic and hydrophobic) simultaneously, requires
minimal amounts of sample and a sample derivatization step is usually
not needed °®. The most common LC-based method used for global
metabolomics is the reversed-phase liquid chromatography-MS (RP-LC-
MS) using C18 columns because results in the separation and detection
of both polar and non-polar molecules. However, in order to avoid the
elution of highly polar compounds in the void volume (a limitation of RP
columns), hydrophilic-interaction chromatography (HILIC) is also applied

in metabolomics experiments °'.

Mass Spectrometer |

: lon source Mass analyzer Detector | Data
i lonization lon separation lon detection i system
|

64

Figure 20. Schematic of a mass spectrometer.

In LC-MS techniques, the ionization efficiency depends on the
physicochemical characteristics of the molecule, the ion source and the
ionization mechanism (ionization method in which energetic electrons
interact with atoms or molecules to produce ions). LC-MS approaches
use commonly electrospray ionization (ESI) that has a typical
disadvantage effect called ion suppression. lon suppression refers to
reduced detector response as a manifested effect of competition for
ionization efficiency in the ionization source between the analyte of
interest and other species which have not been removed from the

sample matrix during sample preparation °.
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Box 2. Mass Analyzers

Triple quadrupole (QQQ)

Three quadrupole devices coupled in a linear array. In the single reaction
monitoring mode (SRM), selected parent ions pass through the first quadrupole

and enter a second quadrupole device used as a collision cell to generate
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product ions. The third quadrupole serves as a selective mass filter for the

determination of the resulting ‘daughter ions’. It is a low resolution analyzer. It
can operate in the multiple reaction monitoring (MRM) mode too, usually used
for targeted approaches. It permits fast scan speed and polarity switching and

high sensitivity but does not resolve MS spectra well.

Quadrupole-ion trap (QIT)

QIT is also a low resolution instrument that collects and stores ions by forcing
them into stable orbits and subsequently releases them mass-selectively.
Collected and stored parent ions can also be fragmented and thus daughter

ions can be analyzed.

Quadrupole time-of-flight (Q-TOF)

lons are simultaneously accelerated resulting in the same kinetic energy for
any given ion. Along an evacuated flight tube with a fixed distance ions are
separated by their mass-to-charge ratio and velocity, respectively. It is a high
resolution MS instrument commonly used for untargeted metabolomics. Can
provide high quality MS/MS spectra but scan speed and polarity switching is

low.
Adapted from Weckwerth and Morgenthal ™.

Multidimensional separation techniques consisting in the use of sequential GC
or LC columns for the separation are becoming more commonly used in
metabolomics experiments since they provide high peak resolution and spectral

purity 7°.
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In addition to m/z and retention time information, the identification of an ion is
facilitated by the fragmentation pattern information that is acquired by tandem

mass spectrometry (MS/MS) .

3.2.3. Data preprocessing

Data preprocessing is a very critical step in the overall workflow. There is no
universal standard software or procedure to be applied in this step, and the
repercussion of the procedure used impacts the final report generated. An
enormous volume of data will be generated when following an untargeted
approach. These data cannot be manually deconvoluted and the spectra
generated must be corrected for all variations caused by experimental variables
0 LC-MS data preprocessing pipelines include multiple stages such as filtering,
feature detection, peak normalization (adjusting peak intensities and reducing
analytical drift), peak alignment (retention time alignment across multiple
samples), baseline correction to remove background noise, deconvolution of
peaks to allow detection of trace co-eluted compounds and signal extraction
(peak detection and quantification) "#"3. Several data preprocessing tools are
currently available including vendor software (i.e. MarkerLynx, MarkerView,
SIEVE), software from independent developers (i.e. GeneData), open access
software (i.e. XCMS, MetAlign) and script platforms (i.e. R, Matlab). The final
reports comprise extracted m/z values, their retention times and the intensities
corresponding to each peak. Before the multivariate analysis of the data
analysis workflow, an initial data normalization step might be an important part
of the procedure and consists of an intensity adjustment step needed to
overcome day-to-day differences in instrument sensitivity (see Box 3). In LC-MS
techniques the best way to perform this normalization is the use of internal

standards (spiked into the sample during the extraction protocol) %64,
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Box 3. Quality control

Several issues related to changes in instrument sensitivity are usually observed during
a metabolomic or lipidomic profiling analysis including degradation of the extracts,
contamination of an analytical column an ion source by non volatiles and retention-time
shifts.

Following points are considered as a minimum standard for keeping high quality

control in metabolomics and lipidomics when running a sequence:

e randomization of samples across the whole run;

e regular analysis of quality control (QC) samples;

e use of internal standards spiked into the samples during the extraction and/or
added prior to LC-MS analysis;

e analysis of procedural or method blanks within each batch of actual samples to
monitor intralaboratory contamination;

e regular checking of the quality of solvents used for mobile phases;

e carryover monitoring by means of LC-MS runs without actual injection of the
sample;

e maintenance and replacement of columns and peripheral consumables;

e mass spectrometer maintenance including ion-source cleaning.

QC samples are typically pooled QCs obtained by mixing small aliquots of each (or a
few) biological sample to be studied or commercially available QC samples with
representative composition. With respect to the frequency of QC injections, 3-25
injections of samples between each QC injection are recommended. QC samples are
very useful for measurement of within-series and between-series repeatability in order

to remove metabolic features with excessive signal drift prior to statistical analysis.
Further, QC samples are usually used:

e to equilibrate an analytical platform after routine maintenance;

e to check the metabolite profile and signal intensity if they are within control
limits before starting the sequence;

e to calculate technical precision within each analytical batch;

e to calculate signal correction for normalization of data within and between
analytical series;

e for standardization if well-defined QC samples are included in the sequence.

Adapted from Caika et al. %
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3.2.4. Statistical analysis

The simple statistics used to discriminate control and affected groups is based
on univariate statistics with determination of differences based on a t-test, a
Wilcoxon rank test or an ANOVA. Univariate analyses are useful to identify
individual biomarkers but insufficient in terms of performance. Hence, the need
to build predictive models based on multiple biomarkers necessitates the use of
multivariate methods. Multivariate methods are also very useful for data-
dimension reduction and necessary for the high complex and voluminous data
sets generated in MS untargeted approaches. Multivariate methods allow
extracting the maximum information of the transformed data being able to
process up to thousands of m/z and their corresponding peak intensities ©°.
Multivariate statistical methods can be grouped in two main categories:
supervised methods and unsupervised methods. Supervised multivariate
methods need some initial information about the identity of the samples. The
scope of these tests is to develop a model based on the information contained
in the samples and are commonly employed in biomarker discovery studies.
The discriminant analysis (DA) is the most common supervised method used in
metabolomics. It includes PLS-DA and OPLS-DA. The unsupervised methods
are based on the separation of classes without the need for initial information on
the nature of the samples and the aim is to identify natural groupings among the
samples. The most common unsupervised methods used are hierarchical
clustering analysis (HCA) and principal component analysis (PCA). They
provide a reduction of the MS data and reveal the inherent structure. HCA
creates a clustering into different groups represented by dendrograms. PCA
reduces data complexity into few key space components or principal

components (PC) "*7°.

3.2.5. lon selection and annotation

Once we have the list of features (specific m/z with a retention time associated
of the mass spectral ion) that are interesting for a determined study, the next
step is to search the accurate masses against metabolomic databases for
putative identifications. Thus, success of untargeted metabolomics profiling is

dependent on the availability of extensively annotated databases. Moreover,
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these databases need to be updated frequently since human metabolome is not
yet a well-defined entity and will continue to be populated. The challenge for
metabolomics is not only to elucidate unknown chemical structures but also to
put meta-information, such as sample origin, tissue and experimental
conditions, into an accessible format " In 2004, the Human Metabolome
Project (HMP) was launched and as a result the Human Metabolome Database
(HMDB) was developed. Some other available databases for metabolomics
online are METLIN, NIST, GMD and MassBank. Furthermore, in order to be
able to understand the meaning of changes in a set of metabolites it is essential
to integrate metabolic data with systems biology and place the molecules in

their context or metabolic pathways .
3.2.6. Metabolite verification

Tandem mass spectrometry experiments can be carried out on one metabolite
with a specified m/z, followed by matching with an authentic standard, in order
to obtain characteristic fragments and retention time information to distinguish
the ion from structural isomers. If the fragmentation pattern of the isolated ion
matches with the fragmentation pattern of the authentic standard (MS/MS) or in
silico (MSe), then the hypothetical identification for that feature is verified.
Nevertheless, some features cannot be assigned to an identified structural

molecule because they are not yet annotated or known *°.
3.2.7. Interpretation of metabolomic data. Pathway analysis

Perhaps the largest challenge that metabolomic approaches face is relating the
identified metabolites to their biological roles, which is a necessary step for
moving beyond biomarkers and towards mechanisms *°. The understanding of
the flux of metabolites through a network of pathways is important in order to
reveal alterations in enzymatic reactions, which in-turn affect regulatory
processes and putative drug targets in metabolism. This is possible by using
multiple metabolomic datasets originated from different experimental conditions
and biological sources. Intrinsic biological fluctuation of independent samples
results in altered patterns of observed correlations. The observation of
correlated metabolites offers the chance to investigate whole metabolite

network dynamics based on correlation network topologies. Changes in the
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network topology point to regulatory hubs in the biochemical network because
the correlation matrix of metabolite pairs is a fingerprint of the enzymatic and
regulatory reaction network. Most pairs of metabolites neighbored in the
reaction network show a low correlation, whereas other metabolite pairs that are
far apart from each other in the reaction network exhibit a strong correlation.
Primarily regulatory properties, especially the modulation of enzyme activity,
serve as a source of changes in the topology of the correlation network. Any
alteration in the reaction network will result in different correlation matrices.
Because we are looking for differences in correlations, these phenomena can
be analyzed using multivariate statistical analysis. Furthermore, the approach
can be extended to system analysis looking for co-regulation of metabolites,
proteins, transcripts or any other external or internal parameter measurable in

the system to reveal a holistic picture of the metabolism °.

There are several pathway-mapping tools that help placing metabolites into
context with upstream genes and proteins. Some well-known network resources
are KEGG, Recon1 and Biocyc. There are also new developed programs, such
as mummichog and metabolite set enrichment analysis (MSEA), that find
pathway connectivity. In addition, stable isotope metabolomics and omics-scale
big data integration can reveal interconnectivity between metabolites and their

relationship with genes and proteins °.
3.2.8. Selection of potential biomarkers and validation

From the verification phase and the pathway integrated study a list of potential
biomarkers will be obtained. A validation of the pathway can be performed at a
molecular level (i.e. immunohistochemistry for the molecules or enzymes of the
selected network) but a quantitative study of the metabolites can also be

validated using MS platforms.
3.2.8.1. Multiple reaction monitoring (MRM)

Multiple reaction monitoring (MRM) during liquid chromatography coupled to a
triple quadrupole mass spectrometer (QQQ) has been the standard workhorse
in the quantitation of small molecules and metabolites, as it offers good

sensitivity, reproducibility and broad dynamic range. It also has a fast scan
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speed and fast positive to negative ion mode switching associated. In MRM the
collision energy and product ion m/z are pre-optimized for each analyte of
interest to give the best signal. The instrument presents three quadrupoles
arranged in series. The first quadrupole (Q1) selects the ion of interest (parent
or precursor ion); the second quadrupole (Q2) works as a collision cell to
fragment the parent ion; and the third quadrupole (Q3) isolates the preselected
product ion (Figure 21). The main disadvantage of targeted assays using MRM
techniques is that they may yield low resolution and insufficient MS/MS spectra
information. For these reasons, several strategies such as chemical standards
with or without isotopic labeling can be used to improve identification confidence
for the MRM mode &%,

Q1l: Precursor selection Q2: Precursor fragmentation Q3: Product selection
( ] ] )
°° 9l 00 | :
o i
@ ° O —_ O D %90 00 0 0 0 —> iE
o QO Qg -
@9, 0,00 |
Retention time

Figure 21. Diagram of a Multiple Reaction Monitoring (MRM) experiment.

3.2.8.2. Parallel reaction monitoring (PRM)

High resolution MS instruments (HRMS) such as Q-TOF or Orbitrap are gold
standards for untargeted metabolomics profiling since they can simultaneously
collect high resolution and high mass accuracy full-scans to analyze small
molecules in complex samples. However, HRMS can also be implemented for
targeted approaches. This strategy is known as parallel reaction monitoring
(PRM). In this approach, a specific m/z or parent ion is selected in the Q1, then
fragmented in the next cell (CID) and finally, the fragments or products are
detected in parallel in a HRMS analyzer in a unique scan. This technique allows
the identification of the metabolites by high mass accuracy MS/MS spectra and
there is less dependence on chemical standards for the assay method

construction .
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3.3. ENDOMETRIAL CANCER AND METABOLOMICS

It is crucial to understand the pathways that can impact endometrial function in
order to develop approaches for diagnosis, prognosis and treatment for EC.
Extensive efforts (from the first histological studies ®' to the new integrated
omics technologies 82) have been applied to characterize and understand the
biology of the receptive endometrium, but few publications analyzing the

metabolic profile of the healthy or diseased endometrium have been performed.

There are a couple of studies published on metabolomics in healthy human
endometrium and benign pathology. The first one, published by Vouk et al. in
2012 8 is the first report identifying a panel of biomarkers from plasma samples
that were able to diagnose endometriosis. They described elevated levels of
sphingomyelins and ether-phospholipids in endometriosis compared to plasma
from control subjects. The second study, published by Viella et al. in 2013 #, is
focused on the novel lipidome profiling of human endometrium, showing a
significant increase of the lipid concentration in endometrial fluid at the embryo

implantation moment (associated with the embryo receptivity capacity).

Few papers in the area of EC metabolomics have been published. The most
initial papers in the field used targeted approaches. Knapp et al. in 2010 8
outlined for the first time that the sphingolipid metabolism in human EC tissues
is markedly augmented as compared to the normal endometrium. In their
investigation, they analyzed the content of a set of some targeted metabolites
(sphinganine, dihydroceramide, ceramide, sphingosine and sphingosine-1-
phosphate (S1P)) using HPLC. They also analyzed the activity of some
enzymes related to the sphingolipid pathway. Elevated levels of ceramide
resulting from the activation of de novo synthesis pathway, accumulation of
sphinganine and dihydroceramide, as well as upregulation of the serine
palmitoyltransferase enzyme were detected in EC tissues compared to the
healthy endometrium. Moreover, S1P concentration was also increased in
pathological samples due to an overactivation of the enzyme sphingosine
kinase (SPHK). As described in this investigation, these important changes in

the sphingolipid metabolism observed in EC tissues likely contribute to its
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85 86

progression and chemoresistance *°. In the same year, Bufa et al. also
pointed out altered urinary profiles of endogenous steroids in postmenopausal
women with EC. They used a quantitative GC-MS method in order to analyze
the concentration of 23 androgen, progesterone and corticoid metabolites in
urine samples collected from 13 EC patients and 10 control subjects. Also,
Trousil et al. in 2014 ¥ performed a targeted study in EC biopsies and
confirmed alterations in the choline phospholipid metabolism. These alterations
were caused due to an overactivation of the deacylation pathway and an

increased expression of the enzyme choline kinase alpha.

In 2013, there was a study in which the metabolism of 2-Deoxy-D-glucose
(2DG) in a human EC cell line was described in a targeted metabolomics
profiling using TOF-MS. They characterized the role of 2DG as an inhibitor of
tumor progression and described the impact of 2DG in EC cell lines. A group of
preselected metabolites associated to 2DG action affected cell viability and may
have therapeutic implications in EC . Schuler et al ® published a study related
to the metabolic effects of a drug as anti-proliferative chemical for EC in 2015.
They performed a global untargeted metabolomics analysis of serum pre- and
post-metformin treatment and matched tumoral tissues of 20 obese women with
EC. They concluded that metformin reduced tumor proliferation inhibiting the
mTOR pathway. Due to the drug effect, they observed significant changes in
lipid and glycogen metabolism. Their work underlined the potential benefit of

metformin in cancer patients, including EC subjects.

Shao et al. *° published another important study on the area of identifying
biomarkers for EC using an untargeted metabolomics profiling approach in
2016. In this study, they analyzed the urine of a set of 35 control (25 healthy
subjects and 10 patients with endometriosis) and 25 EC samples using a
UPLC-Q-TOF-MS method in order to search for a group of potential diagnostic
biomarkers for EC. Multivariate analysis was carried out to obtain a set of
potential markers that were validated using the predictive model of the support
vector machine (SVM). Shao et al. proposed a panel of 5 diagnostic biomarkers
for EC, including 3 up-regulated (N-acetylserine, urocanic acid and
isobutyrylglycine) and 2 down-regulated markers (porphobilinogen and

acetylcysteine) that have an accuracy rate of 89.29% *°.

73

<
o
[
O
2
Q
o
14
[
=




CLINICAL METABOLOMICS

Finally, the most relevant and unique work in the metabolomics EC field aiming
de novo identification of diagnostic biomarkers using human tissues was
published in 2016 by Jové et al. . Using a LC-Q-TOF-MS/MS platform they
described a metabolomic signature that is specific for EEC compared to the
corresponding controls. Moreover, they elucidated for the first time the
involvement of the endocannabinoid system in EC pathogenesis. Additionally,
they also depicted the implication of the purine pathway in tumor myometrial

invasion.

In conclusion, the metabolomics and lipidomics research associated to EC is
limited and needs expanded and concerted efforts. Since metabolite abundance
patterns reflect events downstream of gene expression and it is considered to
be closer to the actual phenotype than the other classic omics; it offers an
important challenge in order to elucidate alterations in the physiological
pathways of pathological conditions. Moreover, the integration of all the omics
information (including genomics, epigenomics, transcriptomics, proteomics,
glycomics, microbiomics and exposomics) in the research for EC and an
improvement in the computational biology techniques are necessary for a better
understanding of the disease that will result in the development of improved
diagnostic and prognostic tools as well as individualized therapy options. In
addition, several biomarker sources for the study of EC have not been analyzed
yet (i.e. exosomes). However, since it is an emerging field and due to the
complexity of datasets obtained, very few studies have been conducted focused

on the metabolomic profiling of human cancer samples.

For all these reasons, any proposed metabolomics and lipidomics profiling
studies with the goal of identifying, verifying and validating new specific and
sensitive metabolites functioning as biomarkers for EC as well as the
understanding of the metabolic pathways dysregulated in EC offer an appealing

approach.
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EC represents the most frequent gynecological cancer in developed countries.
Its diagnosis relies on the evaluation of an endometrial biopsy, which is a
minimally-invasive method. Moreover, the management of patients is based on
the assessment of the clinic-pathological features of the tumor, which is not

completely accurate since some cases still recur unpredictably.

The main objectives of the thesis are focused on the identification of diagnostic
markers and the characterization of the dissemination process of EC. We will
achieve our goal by using metabolomic-based approaches in order to improve
patient care and overcome the mortality rate of EC. Thus, this thesis has been

structured in 3 specific objectives:

1. Optimization of the extraction methods for the metabolomic
analysis of extracellular vesicles (EVs) contained in biofluids by using

liquid chromatography mass spectrometry (LC-MS) techniques.

2. Identification, verification and validation of EC diagnostic markers
from human biofluids. This strategy will be implemented following two

specific sub-objectives related to each other:

2.1.Use of non-fractionated plasma and uterine aspirate samples from

patients with EC and from control subjects.

2.2.Use of EVs isolated from plasma and uterine aspirates from the

patients analyzed in Section 2.1.

3. Metabolomic profiling of EC tissues to elucidate the molecular

alterations that take place in the initiation and progression of the disease.
3.1.Metabolomic study of different EC tissues including different

F.I.G.O. stages in order to identify the main metabolic pathways

altered in EC initiation and progression.
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3.2.Molecular validation and functional characterization of the
metabolic pathways altered in the carcinogenic process via in vitro

studies.
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RESULTS

The results generated during this thesis work are divided into 3 chapters, which
corresponds each one to a paper. Chapters are preceded by a short summary.
Chapter | and Chapter Il are published papers and contain the original
manuscript with the supplementary information and the references included at
the end of the chapter. Chapter Il is a manuscript in preparation and it also
includes supplementary information and references attached at the end of the

chapter.
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The following published manuscript comprises the results presented in this

chapter:

Enabling Metabolomics Based Biomarker Discovery Studies

Using Molecular Phenotyping of Exosome-Like Vesicles

Altadill T, Campoy |, Lanau L, Gill K, Rigau M, Gil-Moreno A, Reventos J,
Byers S, Colas E, Cheema AK

PLoS One

doi: 10.1371/journal.pone.0151339
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SUMMARY

Background

Endometrial cancer (EC) is the most frequent gynecological cancer diagnosed
in the United States, accounting for 76,000 deaths annually. Mortality is
associated with presentation of poor prognostic factors and/or advanced
disease at diagnosis. Exosome-like vesicles (ELVs) obtained from easy-to-
access biofluids are an untapped resource for discovery and validation of
clinically relevant biomarkers in health and disease. Although the proteomic and
transcriptomic profile of ELVs have been broadly described, the metabolomic

profile is uncharacterized.
Objective

The goal of this study was to describe methodologies for UPLC-ESI-MS based

small molecule profiling of ELVs from human plasma and cell culture media.
Methods

Plasma samples from 35 EC patients were collected and processed in Vall
Hebron Hospital (Barcelona, Spain) in accordance with approved institutional
consent and reviewed protocols. In parallel, PANC-1 cell culture media
containing ELVs was compiled. ELVs were isolated from plasma and cell media
by standard ultracentrifugation, characterized by immunoblot against known
exosomal markers and size and concentration estimated using Nanoparticle
Tracking Analysis. We analyzed the metabolomic and lipidomic profile of the
ELVs by ultra-performance liquid chromatography coupled with electro-spray
quadrupole time of flight mass spectrometry (UPLC-ESI-QTOF-MS). Data were
pre-processed using the XCMS software while the database search was
performed using the Madison Metabolomics Consortium Database (MMCD), the
Human Metabolome Database (HMDB), LIPID MAPS and Metlin for putative
metabolite identification. A multivariate analysis using Metaboanalyst 3.0 web
tool was carried out. A subset of metabolites was validated by tandem mass

spectrometry.
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Results

As a first step, we confirmed the isolation and enrichment of ELVs in plasma
and cell culture media by NTA and by determining the expression of known
exosomal markers, such as Flotilin 1, TSG101, CD63, CD9, Rab5 and CD81.
Secondly, we optimized the starting volume of biofluid for ELVs isolation that
would yield high quality spectral data. Thus, ELVs from different starting
volumes ranging from 500 to 2000uL of plasma were isolated. A comparative
analysis showed that 500uL of plasma as a starting volume was sufficient for
ELVs isolation to produce high quality metabolomic and lipidomic data. The
metabolome and lipidome of ELVs derived from cell culture media and plasma
samples was characterized and some metabolites were validated. Finally, we
present the utility of using MS based techniques in order to reveal the
differences in ELVs metabolomic profiles of EMT-induced PANC1 cell line and

EC samples compared to their corresponding controls.
Conclusions

This research indicates the potential use of ELVs as a biomarker source for the
identification of metabolomic signatures that could be used for risk stratification

and diagnosis of EC patients.
Novel aspects

When we scanned the literature, we found few studies which have performed a
systematic optimization on the use of ELVs for metabolomics studies (including
optimization of biofluid volumes and the characterization of the nature of the
ELVs metabolome) which prompted us to take a lead. Thus, this is the first
report that determines the plasma volume needed to obtain high-quality
metabolomics and lipidomics data from ELVs and attempts to examine the
metabolomics profile of plasma ELVs. Moreover, we present results detailing
metabolite extraction methods and metabolic characteristics with wide
applicability that would be useful for a broad audience engaged in biomarker
discovery and validation for a plethora of patho-physiologies. We believe that
the methodology presented here will provide an impetus to the growing field of

metabolomics underscoring its ability to delineate biomarkers that can be used
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for pre-clinical detection as well as for following the natural history of disease

progression.
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Abstract

Identification of sensitive and specific biomarkers with clinical and translational utility will
require smart experimental strategies that would augment expanding the breadth and depth
of molecular measurements within the constraints of currently available technologies. Exo-
somes represent an information rich matrix to discern novel disease mechanisms that are
thought to contribute to pathologies such as dementia and cancer. Although proteomics
and transcriptomic studies have been reported using Exosomes-Like Vesicles (ELVs) from
different sources, exosomal metabolome characterization and its modulation in health and
disease remains to be elucidated. Here we describe methodologies for UPLC-ESI-MS
based small molecule profiling of ELVs from human plasma and cell culture media. In this
study, we present evidence that indeed ELVs carry a rich metabolome that could not only
augment the discovery of low abundance biomarkers but may also help explain the molecu-
lar basis of disease progression. This approach could be easily translated to other studies
seeking to develop predictive biomarkers that can subsequently be used with simplified tar-
geted approaches.

Introduction

Most mammalian cell types secrete three types of extracellular vesicles either constitutively or
in a regulated manner: exosomes, that are 35-150 nm diameter vesicles; ectosomes (also called
microvesicles), from 100 to 1000 nm; and apoptotic bodies, from 500 to 2000 nm. Exosomes
are formed from intraluminal vesicles and are delivered from multivesicular bodies to the out-
side of the cell by fusion with the extracellular membrane (endolysosomal vesicles) [1-3].
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Microvesicles and apoptotic bodies originate by budding and fission of the plasma membrane.
Exosomes are found in different biofluids including plasma, urine, cerebrospinal fluid, and
uterine aspirates and were first described in 1983 by Pan BT et al. and Harding C et al. [4-5].
Exosomes contain proteins, nucleic acids, lipids, RNAs and small RNAs and metabolites and it
is thought that their principal function is to facilitate cell-to-cell communication under normal
and diseased conditions [6, 7]. They are rich in cell surface molecules that facilitate their fusion
with the receptor membrane and release their cargo in the cytoplasm [8] and are constantly
released into circulation or proximal biofluids under normal and diseased conditions, affecting
either proximal or distant cells. Since exosomes can be easily enriched from biofluids and pro-
vide a fingerprint of their cell of origin, there is a growing interest in using exosomes for the
identification of novel and specific biomarkers with potential utility for diagnosis and progno-
sis of different cancer types [9].

Although there is a general consensus in the scientific community about the use of serial
ultracentrifugation as the method of choice to isolate exosomes, there are still limitations to
confirm the intra-luminal origin of the isolated vesicles (i.e. mainly lack of specific biomarkers).
Thus, enriched vesicles having similar morphology and size and unknown biogenesis are
defined as Exosome-Like Vesicles (ELVs).

Groundbreaking research over last decade has delineated biomarkers that can be used for
early detection of cancer, dementia as well as those that can be used for monitoring response to
therapy [10, 11]. However, identification of biomarkers with high sensitivity and specificity for
a given disease type, still remains a major challenge in the field [12]. Biofluid molecular profil-
ing based approaches have intrinsic limitations for detection of low abundant biomarkers
which are obscured by the presence of high abundance molecules in the matrix. Exosomes, on
the other hand, offer promise as an untapped biomarker resource; given that enrichment of the
exosome fraction is likely to alleviate the dynamic range issue that is a common analytical
problem across a broad range of biomarker identification and characterization studies. More-
over, the exosome cargo is protected from nuclease and protease activity by a lipid bilayer,
resulting in increased stability of the sample [13].

Several studies have described biomarkers associated with cancer cell related ELV's [14-
16]. However, most comparative exosomal profiling studies with a case-control study design
have focused on transcriptomic and proteomic techniques. Given that the ELVs membranes
have a rich lipid and metabolite content, characterizing ELVs metabolomes from different
biofluids is likely to provide new information that could be used for identification sensitive
and specific biomarkers that would also serve as a phenotypic readout since metabolites repre-
sent the end point of cellular processes. A recently published proteoglycan study of the serum
exosomal fraction has shown the value of this matrix as novel biomarker source with potential
clinical utility [17].

Metabolomics is an emerging “omics” field that enables the identification and quantitation
of a wide variety of small molecules that are indicative of metabolic, nutritional and physiologi-
cal status of the patient. This analytical tool allows for the analysis of a large number of samples
in a high-throughput manner, and consequently, permits the understanding of current molec-
ular response of a biological system to any perturbation in its microenvironment [18]. Further-
more, combining chromatography coupled to electrospray ionization mass spectrometry and
multivariate statistical analysis enables the detection of differential abundance of metabolites
between two conditions and adds value to clinical and translational studies focusing on cost-
effective, high through put biomarker development. Metabolomic profiling of human biofluids
using the enriched ELVs fraction represents a surrogate for tissue biopsy as a non-invasive tool
for low abundance biomarker discovery and validation studies. However, there are few meta-
bolic characterization studies reported in literature augmenting these investigations.

PLOS ONE | DOI:10.1371/journal.pone.0151339 March 14,2016 2/17

90



@ PLOS | one

CHAPTERI

Metabolomics and Exosome-Like Vesicles

In this study, we have characterized ELVs metabolomes derived from human plasma samples
which is a widely used matrix for biomarker studies. In addition, we also analyzed the metabo-
lome of ELVs isolated from cell culture media since cell lines are widely used as a model system
in biomedical research. Moreover, we report the differences on the ELVs metabolomics profile
when comparing two conditions: endometrial cancer (EC) patient plasma samples versus control
subjects; TGF-P treated pancreatic cancer human cell lines versus matched controls as two proof
of principle studies. To our knowledge, this is the first report describing the presence and compo-
sition of metabolite cargo of ELV's derived from plasma and cell culture media using a high reso-
lution mass spectrometry approach. This method development effort represents a first yet critical
step for biomarker discovery using exosomal metabolomics with wide applicability. In addition
to performing extensive characterization of metabolomic content of ELVs in plasma, we also
present an approach that can be generically used for biomarker discovery and validation studies.

Materials and Methods
Patients

Participants in the study attended the Department of Gynecologic Oncology at the Hospital Vall
Hebron in Barcelona, Spain. None of the patients included in the study received treatment prior
to the collection of the biofluids. Final diagnosis was performed in the Department of Pathology
at the same hospital. All patients participating in the study signed an informed consent. The Clin-
ical Research ethics Committee at the Hospital Universitari Vall d'Hebron (Barcelona, Spain)
approved the study. Collection of biofluids for the study included 10 mL of blood from post-
menopausal cancer patients, with endometrioid adenocarcinoma, and control subjects. Samples
were drawn from patients under sterile conditions, de-identified for research purposes and were
processed, aliquoted and frozen at -80°C within four hours of collection. A full description of the
clinic pathologic features of the patients included in both studies are detailed in S1 Table.

Plasma collection

Blood samples were collected in 10 mL EDTA-tubes (Cat# 367525. Pulmolab, CA, USA) and
inverted 10 times at room temperature. Protease inhibitors (1:200, Cat# P8340. Sigma Aldrich,
MO, USA.) were added to the sample. The sample was then centrifuged at 1,300 g during 15
min at room temperature. The supernatant was transferred to a clean tube and centrifuged at
3,000 g for 15 min at 4°C. The supernatant (plasma) was aliquoted and frozen at -80°C.

Cell culture

Human pancreatic carcinoma epithelial-like cell line PANC1 (ATCC® CRL-1469") was
obtained from the Tissue Culture Shared Resource of Georgetown University (Washington
DC, USA). PANCI cells were grown in DMEM media supplemented with 10% fetal bovine
serum (HyClone, Logan, UT, USA) and penicillin/streptomycin. Reagents were obtained from
HyClone (Logan, UT, USA). Cells were grown in a 5% CO2 incubator at 37°C.

Cells treatment: Cell lines were grown to 60% confluence, serum starved for 24 h and treated
with 10 ng/mL of TGF-p (Cat # P01137, R&D Systems, MN, USA) for 48 h along with matched
controls. Cells then were harvested and collected in 1.5 mL tubes. Samples were centrifuged at
13,000 rpm for 5 min, supernatant was removed, and cells were kept at -80°C.

Real-Time Reverse Transcription PCR

RNA was purified using the detailed protocol of RNeasy Mini Kit (Cat # 74104, Qiagen, CA,
USA) and quantified by NanoDrop (NanoDrop 2000c, Thermo Scientific, NY, USA). Reverse-
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Transcription Reaction was performed following the standard protocol of RT2 First Strand Kit
(Cat # 330401, Qiagen, CA, USA). The cDNA obtained was analyzed by Real Time PCR (Cat #
4309155, SYBR Green, Applied Biosystems, CA, USA). Primers used for the Real Time PCR:
GAPDH-F 3acggatttggtcgtattgggb, GAPDH-R 3tgattttggagggatctcgce5,
E-cadherin-F 3tgcccagaaaatgaaaaagg5, E-cadherin-R 3gtgtatgtgg
caatgcgttch, N-cadherine-F 3ggacagttcctgagggatcab, N-cadherine-R
3ggattgccttccatgtctgth, Vimentin-F 3ggctcagattcaggaacagce5, Vimen-
tin-R 3gcttcaacggcaaagttctch.

ELVs isolation

For ELVs isolation from cell culture, 30 mL of media was centrifuged (for three biological repli-
cates), for 5 min at 300 g in order to remove the cell debris followed by another centrifugation at
2500 g for 20 min. ELVs isolation was performed for cell media and plasma using a modification
of the protocol published by Thery et al [19]. Briefly, samples were centrifuged at 16,500 g at
4°C for 20 min to remove cell debris and fine particulates; subsequently the supernatant was
placed in an ultracentrifuge tube (Cat#0314, Thermo Scientific, NY, USA) and centrifuged at
100,000 g at 4°C for 2 h. The pellet obtained was washed carefully with Tris Buffered Saline
(TBS)-Ca2+ and centrifuged again at 100,000 g at 4°C for 1 h. Finally ELVs (pellet) were re-sus-
pended in 60 uL PBS 1X buffer and frozen at -80°C. Although, exosome isolation can be per-
formed using commercially available kits; many of these use Polyethylene Glycol (PEG) which
interferes with downstream mass spectrometry based analysis.

Nanoparticle Tracking Analysis

The size and number of ELVs was determined using a Nanosight LM10 instrument with Nano-
particle Tracking Analysis (NTA, Malvern Instruments, UK). ELVs were diluted with Milli-Q
water (Milli-Q Synthesis, Merck Millipore, Massachusetts, USA) and the analysis was per-
formed following manufacturer’s instructions. The videos were recorded for 1 min. Measure-
ments were repeated at least 3 times per sample. The data were analyzed using the version 2.3
of the NTA-software. The size of the particles was calculated automatically based on the
Brownian motion rate.

Western blot

Protein extraction of total plasma and plasma ELV fraction was performed by adding RIPA
buffer, incubating at 4°C for 1 h followed by sonication. The supernatant containing exosomal
proteins was collected after 15 min of centrifugation at 15,000 rpm. Protein concentration was
determined using the standard protocol for the Bradford colorimetric method. Samples were
loaded onto SDS-PAGE gels and transferred to a PVDF membrane. Membranes were blocked
with 5% non-fat dried milk in TBS-Tween (0.01%) for 45 min and incubated overnight at 4°C
with the primary antibodies, washed with TBS1x, incubated at room temperature with the sec-
ondary antibody and revealed.

Reagents. Primary antibodies: Flotillin-1 (1:250, Cat# 610821, BD Biosciences, San Jose, CA,
USA), TSG101 (1:500, Cat#ab83. Abcam, MA, USA), CD63 (1:1000, Cat#OP171. Calbiochem,
Merck Millipore, Massachusetts, USA), CD9 (1:250, Cat#555370. BD Biosciences, San Jose,
CA, USA), Rab5 (1:2000, Cat#ab13253, Abcam, MA, USA), CD81 (1:1000, Cat#sc-166028.
Santa Cruz, Texas, USA) and Haptoglobin (1:1000, Cat#ab131236, Abcam, MA, USA). Sec-
ondary antibodies: Goat anti-rabbit, Cat# P0448; rabbit anti-mouse, Cat# P0260, both 1:2000.
Dako, CA, USA). RIPA buffer (5nM EDTA, 150mM NaCl, 1% Triton, 20nM Tris pH8 and
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1:200 protein inhibitors). Immobilon Western Chemiluminiscent (Cat#WBKLS0100. Merck
Millipore, Massachusetts, USA).

Metabolomic analyses of ELVs and database search

ELVs isolated from plasma and cell culture media were processed for mass spectrometric analy-
sis as described by Sheikh et al with minor modifications to the original protocol [20]. Initially,
samples were thawed on ice and vortexed. For metabolite extraction, 55 pL (v/v) of ELVs con-
taining approximately 10" ""particles/mL were mixed with 95 uL of water. The tubes were
placed on dry ice for 30 sec followed by 90 sec incubation in a 37°C water bath. The samples
were sonicated for 30 sec. A total of 600 uL of chilled methanol containing internal standards

(5 uL of debrisoquine at a concentration of 1mg/mL and 25 uL of 4-nitrobenzoic acid at a con-
centration of 1mg/mL) were added to each sample. The coefficient of variation (% CV) of each
internal standard for each matrix and condition was calculated (S2 Table), which ranged
between 5.5 to 13.83%. Following vortexing, samples were incubated on ice for 15 min and

600 pL of chloroform were added to each tube, followed by centrifugation at 13,000 rpm at 4°C
for 10 min. The supernatant was transferred to a fresh tube and 600 pL of chilled ACN were
added. Samples were incubated at -20°C overnight and centrifuged at 13,000 rpm at 4°C for 10
min. The supernatant was transferred to a fresh tube and dried under vacuum. This sequential
extraction strategy [going from water (aqueous) to methanol (semi-polar) to non-polar solvent
extraction (chloroform)] allows for a broad range extraction of metabolites. Dried samples were
resuspended in 200 pL of 50% water and 50% methanol followed by UPLC-ESI-Q-TOF-MS
analysis. The solvent composition supports the dissolution and MS analysis of a broad class of
compounds. A total of 5 pL of each sample were injected onto a reverse phase Acquity UPLC
CSH C18 1.7 pum, 2.1 x 100 mm column (Waters Corp.). Two different gradients were used
based on the sample matrix (plasma and cell culture media). MS data acquisition was performed
using ESI-QTOF MS within the mass range of 50 to 1200 mass-to-charge ratio (m/z) in positive
and negative electrospray ionization modes on a (Xevo G2 Q-TOF; Waters Corp.). MS data
were pre-processed using the XCMS software [21]. The Madison Metabolomics Consortium
Database (MMCD) [22], the Human Metabolome Database (HMDB) [23], LIPID MAPS [24]
and Metlin [25] were used for accurate mass based putative identification of metabolites. We
performed a multivariate data analysis using Metaboanalyst 3.0 web tool [26]. Identities for a
sub-set of metabolites were validated by tandem mass spectrometry.

Reagents for MS analysis: Chloroform, LC/MS-grade acetonitrile (ACN), water and metha-
nol were purchased from Fisher Optima grade, Fisher Scientific (New Jersey, USA). PBS was
purchased from Invitrogen (Carlsbad, CA, USA). High purity formic acid (99%) was purchased
from Thermo-Scientific (Rockford, IL, USA). Ammonium formate, debrisoquine and 4-Nitro-
benzoic acid (4-NBA) were purchased from Sigma- Aldrich (St. Louis, MO, USA).
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Results
Characterization of plasma ELVs

Procuring human plasma samples from biorepositories for biomarker discovery efforts is often
constrained by sample volumes and associated costs of the study; hence our initial goal was to
optimize minimum volume of plasma for ELVSs isolation suitable for downstream metabolomic
analysis using high resolution mass spectrometry. For this purpose, we isolated ELVs from dif-
ferent volumes of human plasma (500, 1000 and 2000 pL) as described in methods section
[19]. For all samples, we determined size distribution and concentration of the ELVs enriched
fraction by NTA, protein concentration and total protein amount. The average size of plasma
ELVs was approximately 150 nm (Fig 1A). The final concentration of ELVs correlated with the
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Fig 1. Nanoparticle Tracking Analysis (NTA). Determination of the concentration and particle size of
human from 500, 1000 and 2000 pL of human plasma (Panel A). Size distribution of the nanovesicles was
around 150 nm. Western blot analysis to confirm the expression of exosome specific markers (Panel
B). Human plasma ELVs enrichment confirmed in exosomes isolated from different volumes of human
plasma (2000, 1000 and 500 pL) and no presence of exosomal specific markers when loading total plasma
(non-enriched). Lane A through C represent ELVs isolated from 2000, 1000 and 500 pL of plasma
respectively; Lane D represents non-enriched total plasma.

doi:10.1371/journal.pone.0151339.g001

starting volume, ranging from 1x10"? particles per mL for 500 uL samples to 7.5x10" particles
per mL for 2000 pL of plasma. These results are consistent with previous studies that have
reported similar size and number of particles per mL of plasma [27, 28]. Equal volumes of pro-
tein extract corresponding to ELVs purified from 2000, 1000 and 500 uL of plasma were sub-
jected to SDS-PAGE. The gel was also loaded with protein extracted directly from total plasma
(Fig 1B) in order to show the enrichment of exosome specific protein markers in the purified
samples. For the total plasma we loaded the same amount of protein that we loaded for the pro-
tein extract corresponding to ELVs purified from the higher volume (2000 uL). The non-
enriched plasma sample does not show the presence of ELVs specific markers while the
enriched fractions exhibit the presence of these markers in a concentration dependent manner
which in turn was dependent on the initial volume of plasma that was used for enrichment of
the ELVss fraction. These include Flotillin 1, TSG101, CD63, CD9, Rab5 and CD81 (Fig 1B).
However, as seen in the figure, the concentration of ELVs in non-purified plasma samples is
too low for detection of these markers by immunoblotting. Uncropped western blots are
shown in S1A and S1B Fig. In order to understand the amount of co-pelleted artifacts at each
step of the isolation method, we performed an immunoblot against haptoglobin (S1C Fig), a
soluble protein found in plasma, with MVs and ELV's isolated from 2000, 1000 and 500 pL of
plasma. As we expected, we detected the presence of haptoglobin in M Vs, since they are col-
lected after the first round of centrifugation (16,500 g for 20 min) where we get rid of the large
vesicles and molecules contained in the sample. However, the following steps of ultracentrifu-
gation permitted to rule out most of the contaminants. We could also detect the presence of
haptoglobin in ELVSs isolated from large volumes of plasma (2000 pL), but not from 1000 and
500 pL. These results strongly suggest the enrichment of ELVs from plasma that were ready for
metabolomics characterization using high resolution mass spectrometry.

The Total Ion Chromatograms (TICs) observed in the negative ionization mode for the
metabolites extracted from the ELVs of 500, 1000 and 2000 pL of plasma are shown in Fig 2.
The ratio of relative intensity values for some features detected are shown in S3 Table. Although
with 1 or 2 mL of plasma, a small fraction of metabolites showed improved ion intensity, a large
number of detected metabolites did not show any changes in relative ratios or improvement
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retention time while the Y-axis represents the relative intensity.

doi:10.1371/journal.pone.0151339.9002

signal to noise ratio for individual metabolites suggesting that 500 uL of plasma was optimal for
performing metabolomics profiling studies using matrices of human plasma samples.

Hence further metabolomics characterization was performed with ELVs isolated from
500 pL of plasma samples that were analyzed using quadrupole time of flight mass spectrome-
try using three biological replicates. The total number of features detected in plasma derived
ELVs samples was 840 and 2198 in the negative and positive ionization mode, respectively.
Next, we annotated the features by performing an accurate mass based database search and an
enrichment analysis using Metlin and Human Metabolome Databases (S4A and S5 Tables).
Our results showed that the metabolome of ELVs derived from plasma maintained a high prev-
alence of glycerophospholipids (possibly representing exosomal membrane contents) and shin-
golipids, representing 29% of the total metabolome composition, such as PI (16:0/22:4), PE
(22:2/16:1), GalCer (d18:2/16:0), GPCho (18:0/14:0) or TG (12:0/12:0/20:5). The fatty acid
esters, amides and alcohols (oleamide, malonyl-CoA among others) represented 16% of the
total metabolites detected in this analytical run while the nucleotides, nucleosides and their
derivatives comprised 17% of the metabolome. Peptides, organic acids and derivatives were
less abundant in the total ELVs metabolite content (Fig 3A). Some of the interesting

A PELVs
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Fig 3. Metabolomic ELVs composition. Characterization of the metabolite content of human plasma
Exosome-Like Vesicles (P ELVs) (Panel A) or PANC 1 cell culture media (CCM ELVs) (Panel B).

doi:10.1371/journal.pone.0151339.g003
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Table 1. Validated metabolites.

Metabolite Metabolite ID
PG(16:0/16:0) 123064911
(Pubchem SID)
N-Arachidonoyl- 74380323
L-Serine (Pubchem SID)
SM(d18:1/16:0) 7850646
(Pubchem SID)
Oleamide C19670
Coenzyme Q10 C11378
Malonyl-CoA cq_00054
All-trans- HMDB06285
4-oxoretinoic acid
Psychosine sulfate 5280538

(Pubchem SID)

m/z Mass Retention Matrix Mode Major CID fragments
error time (min)
(ppm)
707.520 0.002 10.129 P ELVs Pos. 663.4540, 607.3931, 551.3286, 495.2679,
439.2032
392.280 0.001 9.252 P ELVs Pos. 149.0277, 123.0987, 106.0971, 95.0809,
69.0711, 57.0866
703.574 0.001 9.993 P ELVs Pos. 184.074
282.279 0.000 8.020 P and Pos. 97.1005, 83.0866
CCM
ELVs
861.677 0.000 10.301 P ELVs Neg. 724.8752, 588.8987, 520.9148, 452.9229,
384.9373, 316.9473, 248.9610, 180.9727,
112.9871
853.593 0.001 10.026 P ELVs Neg. 808.727
315.195 0.001 4.327 CCM Pos. 203.1072, 187.1123
ELVs
542.301 0.001 4.049 CCM Pos. 427.2240, 358.1841, 255.1232, 249.1212,
ELVs 155.1072, 123.0446

List of metabolites contained in plasma Exosome-Like Vesicles (P ELVS) and PANC 1 cell culture media Exosome-Like Vesicles (CCM ELVs) confirmed

by MS/MS.

doi:10.1371/journal.pone.0151339.t001

metabolites identified in plasma ELVs included coenzyme Q10, ubiquinone 9, palmitoyl glucu-
ronide, PG (16:0/16:0), 25-hydroxy-hexadehydrovitaminD3, 10-formyldihydrofolate, acetyl
glucosamine bisphosphate, malonyl-CoA, cytidine-5'-monophosphate, N-Arachidonoyl-
L-Serine, tyrosyl-AMP, oleamide, deoxyuridine-diphosphate, picolinic acid and deoxyvitamin
D3 and SM (d18:1/16:0) indicating a wide class of metabolites. A subset of these metabolites
was validated using tandem mass spectrometry (Table 1). Some of these metabolites fall below
the detection limits in routine untargeted metabolomics profiling of plasma samples, possibly
because of ion suppression in presence of other high abundant metabolites that get eluted in
the same chromatographic time scale.

Characterization of ELVs from cell culture media

In order to characterize ELVs in an in vitro model system, we isolated ELVs from cell culture
media as described in the methods section. The ELVs were characterized using NTA, western
blotting and finally subjected to high resolution mass spectrometry based analysis as described
for plasma ELVs.

We analyzed the bio-composition of ELVs that were isolated from cell culture media obtained
by growing PANCI, a human pancreatic cell line as described in the methods section. We used
three biological replicates for these analyses. The ELVs for each sample were isolated from 30
mL of media. Quantitative analysis of the exosomes isolated using NTA revealed an average size
of 95 nm and average concentration of 1.6 x10'° particles per mL consistent with the size of
ELVs previously reported. The Total Ion Chromatogram (TIC) observed in the positive ioniza-
tion mode for PANC1 is shown in Fig 4. Data were pre-processed using XCMS software that
yielded 596 and 2926 features in the negative and positive electrospray modes respectively.

Database search of ELVs metabolome obtained from cell culture media was performed (S4B
and S5 Tables) and dominated by a majority of glycerophospholipids and shingolipids (56%)
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Fig 4. Total lon Chromatograms (TIC) of PANC1 pancreatic cancer cell culture media Exosome-Like Vesicles (ELVs) in the positive electrospray
ionization mode. ELVs were isolated from pancreatic cell line PANC 1 media and subjected to TOF-MS analysis. The X-axis represents the
chromatographic retention time while the Y-axis represents the relative intensity.

doi:10.1371/journal.pone.0151339.9004

and a significant representation of fatty acid esters, amides and alcohols (14%) and nucleotides
and derivatives (7%). We also found a representation of sugars, cyclic alcohols, aromatic com-
pounds, steroids and organic acids which are generally suppressed when whole cell extracts are
used for molecular profiling (Fig 3B). In addition we were able to detect Adenine, aminoadipic
acid, enol-Phenylpyruvate, oleamide, 15-HETTE, 3-Dehydrosphinganine, all-trans-4-oxoreti-
noic acid, N,N-dimethylsphingosine, docosanamide, psychosine sulfate, pentaglutamyl folate
and fructose 1,6-bisphosphate. Some of these metabolites were unambiguously identified by
comparing fragmentation patterns of metabolites acquired in the elevated collision energy
mode (MSF) using mass fragment calculator (Table 1). These results emphasize the presence of
a broad class of metabolites with potential to be used as biomarkers.
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ELVs metabolome as a biomarker source

Having characterized the metabolome of ELVs isolated from plasma and cell culture media,
our next goal was to test the possibility of using comparative ELV metabolomic/lipidomic pro-
filing to distinguish between two or more groups. We used two proof of principle studies; the
first study was designed to delineate differences in the ELV profiles enriched from PANCI cells
treated with transforming growth factor beta (TGF-p) to those that were untreated while in the
other we compared the metabolomic profiles of ELVs isolated from plasma of EC patients to
those obtained from healthy volunteers.

Comparative Profiling of TGF-§ treated PANCI cells. It has been demonstrated that
epithelial to mesenchymal transition (EMT) contributes to metastasis and treatment resistance
of pancreatic cancer cells [29]. It is also well known that TGF-p acts as a driver in cancer pro-
gression through induction of EMT [30]. Therefore, we treated PANCI cells with TGF-f, while
the control cells were treated with DMSO and interrogated the metabolomic alterations in
ELVs isolated from spent media under these two experimental conditions. We used three
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Fig 5. Panel A. TGF-beta induces epithelial to mesenchymal transition (EMT) in PANC1 cells. Real Time PCR analysis showed a decrease of the
epithelial marker E-cadherin (p-v<0.05) and an increase of the mesenchymal markers N-Cadherin and Vimentin (p-v<0.05) expression after TGF-p treatment
in PANC1 cells. Panel B. Principal Component Analysis (PCA) of exosomal metabolome for MS negative ionization mode showing the separation
between the two study groups. TGF- treated (T) and control (C) PANC1 cells. We analyzed three replicates per condition. The x-axis shows interclass
separation while y-axis illustrates the intra-class variability on Y-axis.

doi:10.1371/journal.pone.0151339.9005

biological replicates for each condition (treated and untreated). The cells and media were col-
lected after treatment (see methods). The cells were tested for EMT induction by TGF-p while
the media were used for ELV's enrichment for subsequent metabolomic analyses. As expected,
at RNA level we observed downregulation of the epithelial marker E-cadherin and the overex-
pression of the mesenchymal marker Vimentin in TGF-p treated cells compared to the controls
(Fig 5A). Next we isolated ELV's from cell culture media and using an untargeted metabolomic
approach we were able to elucidate a variation of the ELVs metabolome in response to TBF-f§
treatment. The principal component analysis (PCA) obtained shows a clear separation of the
metabolomic composition of the ELVs due to the treatment (Fig 5B). Metabolites showing sig-
nificant differences (fold change (FC) > 2 and p-value < 0.05) are listed in S6 Table. UDP-D-
glucosamine (m/z: 550,084) and DG (20:2)/18:1/0:0) (m/z: 647,544) were two of the metabo-
lites identified to be significantly up-regulated after TGF-p treatment.

Metabolomics of plasma ELVs reveals differences between controls and EC patients.
We hypothesized that a compendium of molecular profiles (metabolomics) would provide
insight into alterations that underscore the tumor phenotype in EC patients. Therefore, as a
proof of principle, we compared metabolomic profiles of ELVs isolated from plasma of 13 con-
trol subjects (healthy patients) and 19 EC patients that were analyzed by UPLC-ESI-Q--
TOF-MS. Multivariate analysis was performed in order to elucidate the differences in the ELVs
metabolome composition in the two study groups. The differential abundance of metabolites
was visualized as a heat map (Fig 6A) and PCA (Fig 6B) which indicated a differential pattern
of the metabolites found in the ELVs isolated from EC plasma patients compared to the con-
trols. Several significant metabolites did not yield an accurate mass based putative identifica-
tion when searched against several databases which remains a major challenge in the field. The
differentially abundant metabolites with putative IDs included substituted sugars and amino
acids. Further characterization and validation of these findings is ongoing in our laboratory.
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Fig 6. Multivariate analysis reveals distinct metabolic changes in plasma derived Exosome-Like Vesicles (ELVs) isolated from endometrial cancer
(EC) patients compared to the control subjects. Panel A. Heat map visualization of ion rankings of volcano plot based m/z, corresponding to their relative
levels (intensity) in plasma ELVs isolated from EC patients and control subjects for MS positive ionization mode. Each row on the heat map represents a
unique feature with a characteristic mass to charge ratio and retention time while each column represents one subject. Panel B. Principal Component
Analysis (PCA) plot for MS positive ionization mode showing the separation between EC and control plasma ELVs. The x-axis shows interclass separation

while y-axis illustrates the intra-class variability.

doi:10.1371/journal.pone.0151339.9006

Discussion

In this study, we present a broadly applicable approach for metabolomic profiling of ELV's iso-
lated from human plasma as well as cell culture media. We chose these two matrices for opti-
mizing metabolomics methodologies since these are widely used in studies with clinical and
basic science focus respectively. Furthermore, the use of ELVs as a biomarker resource is useful
since they can be isolated from most bodily fluids and their rich content is protected from deg-
radation, allowing for circulation as well as for cell-to-cell communication of molecules and
metabolites that would not be stable in free plasma and other biofluids [31]. It has also been
reported that the ELVs secretion rate derived from tumoral cells is much higher than the rate
for healthy cells; being involved in signal transmission in tumoral microenvironment [32].

We started out by confirming isolation and enrichment of ELV's fraction from human
plasma and cell culture media by immunoblotting. Next, we characterized their size and con-
centration by Nanoparticle Tracking Analysis. A set of common and well established ELV's
markers were identified in the extractions enriched in vesicles around 95-150 nm confirming
the specific enrichment of ELVs. We also determined that 500 pL volume of plasma is optimal
for generating high quality MS data for profiling the metabolomic and lipidomic content of the
ELVs; increasing plasma volumes further does not add significant value to the number and sig-
nal to noise ratio of the detected metabolites.

A sub-set of the metabolites identified in plasma ELV's were validated including PG (16:0/
16:0), N-arachidonoyl-L-serine, SM (d18:1/16:0), coenzyme Q10 and malonyl CoA. PG (16:0/
16:0) is a glycerophospholipd precursor of cardiolipin. Cardiolipin is found in the inner mito-
chondrial membrane and a change in its concentration and distribution in this organelle is
known to cause several diseases including cancer and aging [33]. It has also been reported that
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the endocannabinoid N-arachidonoyl-L-serine can have a neuroprotective effect in maintain-
ing the undifferentiated state of some cells [34] and can promote cell proliferation, migration
and angiogenensis [35]. Moreover, recent studies have revealed that Coenzyme Q10, apart
from its antioxidant functions, also regulates the expression of genes involved in cell signaling
and transport. The incorporation of Coenzyme Q10 in experimental lipovesicles enhanced
their cell uptake [36] and an increase of Coenzyme Q10 concentration in vesicles prolonged
their circulation in blood [37].

Furthermore, we analyzed the biochemical composition of cell culture media ELVs and we
were able to identify some metabolites such aminoadipic acid that is an intermediate metabo-
lite in the lysine pathway. It acts also as an antagonist of the neuroexcitatory activity and inhib-
its the production of kynurenic acid in some tissues [38]. Enol-phenylpyruvate was also
present in cell culture ELVs and is related to phenylalanine and tyrosine metabolism pathways
as well as to macrophage induced inflammatory processes [39]. We found also 15-HETTE,
which is a polyunsaturated fatty acid involved in tumorigenesis and in the modulation of ara-
chidonic acid metabolism. It also regulates the activity of cyclooxygenase-2 by inhibiting its
expression [40]. Finally, all-trans-4-oxoretinoic acid was also present in the ELVs. It is an iso-
mer of retinoic acid that is actively involved in cell-to-cell communication by modulating gap
junctional activity [41]. There was an overlap in the different classes of metabolites obtained
from plasma and cell culture media ELVs although the distribution across different classes was
matrix dependent (Fig 3).

As expected, the major class of metabolites were glycerophospholipids, which are integral
components of the exosomal membranes and could majorly contribute to high phospholipid
content associated with human plasma samples. Interestingly, we also found metabolites that
belong to different classes including organic acids (several glycolytic intermediates), cyclic alco-
hols, steroids, prenols and amino acid conjugates as well as sugar and sugar conjugates (S4A
and S4B Table) both in plasma and cell culture media ELVs. In our experience with routine
plasma profiling experiments many of these metabolites fall below the instrumental limit of
detection. Hence we compared the number of features obtained from regular plasma profiling
with those obtained from ELVs fraction enriched from 500 pl of plasma (Fig 7). There was little
overlap of detected metabolites between the two matrices most probably because of sensitivity
range of the instrument for detecting metabolites from 25 pl of human plasma that we rou-
tinely use for untargeted metabolomics profiling [42]. This underscores the importance of
enriching this fraction for low abundance biomarker discovery using plasma samples. Thus,
detection of these compounds with significant implications in cell-to-cell communication and
signaling, regulation and metabolic status is of critical importance for novel, low abundance
biomarker discovery. We further propose that these compounds can be further characterized
from whole plasma extracts using multiple reaction monitoring based targeted mass spectrom-
etry thus dramatically increasing the sensitivity and specificity of the assay as well as the flexi-
bility of multiplexing such that multiple metabolites could be assayed in a single injections.
This combinatorial approach (Fig 8) can also be used for testing clinical utility of biomarkers
in clinical samples as well as to compare different conditions when performing in vitro or in
vivo experiments. Furthermore, we present the utility of using MS in order to reveal the differ-
ences in ELV metabolomic profiles of EMT-induced PANClcell line (as compared to control)
and EC samples (as compared to controls). We further propose that the low abundance bio-
markers discovered using ELVs from bodily fluids could then be analyzed using targeted mass
spectrometry from plasma directly since the sensitivity would be greatly enhanced. The
approach described here can be generically used for biomarker identification of cancer or other
pathologies thus furthering the precision medicine paradigm. Thus findings from our study
have great value given that not only do these present a standardized approach for mass
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Fig 7. Comparison of the number of features detected in total plasma (non-purified) or plasma ELVs.
The number of common and unique features for each type of sample is represented for the negative (Panel
A) and positive (Panel B) electrospray ionization mode.

doi:10.1371/journal.pone.0151339.g007

spectrometry based metabolomics profiling, but also provide evidence for using ELVs metabo-
lomics (derived from human fluids as well as from cell culture media) as a rich matrix for bio-
marker discovery for studies with basic science, clinical or translational focus.

Conclusions

Biomarker detection and characterization from complex biological matrices, especially for
markers that are low in abundance, remains a challenge. There is increasing evidence that
underscores the importance of ELVs as carriers of important cellular information that can be

(/2]
-
-
-
[72)
1]
(14

ELVs ISOLATION
(from plasma and cell culture media)

l
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UPLC-QTOF-MS ANALYSIS

l

METABOLOMIC AND LIPIDOMIC
CHARACTERIZATION OF ELVs

Fig 8. Workflow. Schematic showing experimental design in order to analyze the composition of exosome-
like vesicles (ELVs) derived from plasma samples and cell culture media. (WB = western blot,
NTA = nanoparticle tracking analysis).

doi:10.1371/journal.pone.0151339.g008
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used for defining specific changes in health and disease. Herein, we present an experimental
pipeline that can be broadly applied for identification of low abundance biomarkers and char-
acterization in clinical samples. Finally, we demonstrate that ELV's represent an untapped
source for metabolic and lipidomic biomarker discovery with high clinical and translational
relevance. We believe that the methodology presented here will provide an impetus to the
growing field of metabolomics underscoring its ability to delineate biomarkers that can be used
for pre-clinical detection as well as for following the natural history of disease progression.

Supporting Information

S1 Fig. Analysis of protein expression by western blot of Exosome-Like Vesicles (ELVs) and
microvesicles (MVs) isolated from human plasma (2000, 1000 and 500 pL). Expression was
also analyzed in non-purified total plasma (T Plasma). Markers CD81, TSG101, Rab5 and Flo-
tillin 1 were blotted in the same membrane (Panel A) and CD63 and CD9 were blotted in an
independent membrane (Panel B). Expression of the soluble protein haptoglobin was analyzed
in MVs and ELVs isolated from different volumes of T Plasma.

(TIF)

S1 Table. Patient clinic-pathological information.
(XLSX)

S2 Table. Coefficient of variation of Internal Standards in each group of samples.
(XLSX)

$3 Table. Comparative analyses of putative features identified in human plasma ELVs.
Ratios of relative intensities for a selection of metabolites is represented.
(XLSX)

$4 Table. Metabolome profiling of ELVs isolated from human plasma samples and cell cul-
ture media. Table A. Putative identifications in plasma ELVs. Table B. Putative identifications
in PANC 1 cell culture media ELVs. The metabolite ID, mass to charge ratio (m/z), mass error
(ppm), retention time (min) and electrospray ionization mode are detailed.

(XLSX)

S5 Table. Unassigned metabolites IDs found in plasma and cell culture media ELVs.
(XLSX)

$6 Table. Significant m/z detected in ELVs isolated from PANCI cell culture media. Mass
to charge ratio (m/z), fold change (FC), p-value (p-v) and electrospray ionization mode are
detailed.

(XLSX)
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SUPPLEMENTARY FIGURE 1. Analysis of protein expression by western blot of Exosome-Like Vesicles
(ELVs) and microvesicles (MVs) isolated from human plasma (2000, 1000 and 500 uL). Expression was
also analyzed in non-purified total plasma (T Plasma). Markers CD81, TSG101, Rab5 and Flotillin 1 were
blotted in the same membrane (Panel A) and CD63 and CD9 were blotted in an independent membrane

(Panel B). Expression of the soluble protein haptoglobin was analyzed in MVs and ELVs isolated from

different volumes of T Plasma.
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SUPPLEMENTARY TABLE 1. Patient clinic-pathological information.

Samples used for the "Characterization of Plasma ELVs" Results section:

Diagnosis Number of patients Grade F.1.G.O. Typel/ll Pre/Postm Plasma

enopausal
Endometrial adenosquamous carcinoma 1 G3 1c1 | Post 10 ml
Endometrioid adenocarcinoma 1 G2 1A | Post 10 ml
Endometrioid adenocarcinoma 1 G2 1A | Post 10 ml

Samples used for the "ELVs metabolome as a biomarker source" Results section:

Diagnosis Number of patients Grade F.1.G.O. Typeln FrefPosm Plasma

enopausal
Healthy endometrium 13 - - - Post 10 ml
Endometrioid adenocarcinoma 10 Gland 2 1A | Post 10 ml
Endometrioid adenocarcinoma 9 Gland 2 1B | Post 10 ml

SUPPLEMENTARY TABLE 2. Coefficient of variation of Internal Standards in each group of samples
SrBlEIEATHIRYIGAtBIS]. 2. Coefficient of variation of Internal Standards in each group of samples (biological replicates).

Plasma ELV's pool Plasma ELVs Plasma ELVs | PANC1 Control| PANC 1 treated
EC patients Normal Patients | Tumor Patients ELVs ELVs
Internal Standards CV % CV % CV % CV % CV %
4-Nitrobenzoic acid (negative mode) 7,23 5,5 9,8 6,06 8,55
Debrisoquine (positive mode) 4,61 13,2 12,21 4,17 13,83
Number of samples (n) 3 13 19 3 3

SUPPLEMENTARY TABLE 3. Comparative analyses of putative features identified in human plasma ﬂ

ELVs. Ratios of relative intensities for a selection of metabolites is represented. -

SUPPLEMENTARY TABLE 3. Comparative analyses of putative features identified in human plasma ELVs. - |

Ratios of rela-tive intensities for a selection of metabolites is represented. (/)]

1T

m/z RT Metabolite ID lonization mode Ratio 1000/500 | Ratio 2000/1000 (1'd
395,2219 5,3950 PA(15:0/0:0) Negative 0,7783 1,1731
460,3302 9,4409 D-Glucosylsphingosine Negative 0,9124 0,9952
637,5808| 10,3574 DG(22:0/15:0/0:0) Negative 0,8908 1,3497
668,5319( 10,2023 DG(20:4/0:0/20:4) Negative 0,8063 1,1711
718,5728| 10,3213 PE(18:0/17:0) Negative 0,8904 1,7432
760,6202( 10,3574 PC(0-20:0/15:0) Negative 0,9541 1,3554
831,6495| 10,4462 TG(12:0/17:2/22:6) Negative 0,8242 1,9401
878,6634( 10,4673 PE(22:4/24:0) Negative 0,9837 1,3979
920,7110| 10,5165 PC(22:4/24:0) Negative 0,8946 1,4059
997,8225[ 0,5978 TG(19:0/22:4/22:5) Negative 0,8945 1,1034
1004,8050[ 0,5951 PC(32:0/20:4) Negative 0,8773 1,0879
1031,8104| 0,5904 TG(22:3/22:4/22:6) Negative 0,9650 1,1154
256,2630| 7,8447 Palmitamide Positive 0,9979 1,3969
282,2779| 7,2447 Oleamide Positive 0,8253 0,9336
288,2899 4,6437 C17 Sphinganine Positive 1,2345 1,7391
291,2317 7,1328 4-Androstenediol Positive 0,9206 1,1744
300,2901 5,7272 Sphingosine Positive 2,7210 0,9200
312,1293| 8,0042 1,7-Dimethylguanosine Positive 1,9035 1,0859
495,1368| 11,2462 |N-Adenylyl-L-phenylalaning Positive 0,8223 1,2546
510,4905| 10,1660 Cer(d18:1/14:0) Positive 0,9844 1,1879
569,3800| 9,9857 PG(22:0/0:0) Positive 1,0261 0,9884
594,5826 | 10,3552 Cer(d14:1/24:0) Positive 0,8370 1,1296
623,3210( 10,1978 P1(20:3/0:0) Positive 0,9290 1,2723
638,6108| 10,1346 Cer(d16:1/24:0) Positive 0,8504 1,3676
664,4566 | 10,1916 PS(P-16:0/12:0) Positive 0,9114 1,3743
667,6264( 10,2314 DG(17:0/22:0/0:0) Positive 0,9878 1,2708
675,5319( 10,2413 PA(16:0/19:1) Positive 0,9719 2,1148
692,4872 7,4109 PS(16:0/14:0) Positive 0,9503 1,2294
701,5598( 10,1920 SM(d18:2/16:0) Positive 0,9333 3,0731
705,4710| 7,1219 PG(14:1/17:1) Positive 0,8225 2,3582
733,5388( 10,1930 PG(P-18:0/16:1) Positive 0,9378 1,9442
736,5146 | 7,4079 PS(14:0/18:0) Positive 0,9658 1,4603
743,6180( 10,2878 TG(12:0/14:0/18:4) Positive 0,9339 3,3803
748,5303| 9,3035 PE(22:6/P-16:0) Positive 0,7806 1,4810
765,5610( 10,1723 PG(14:0/21:0) Positive 0,9586 3,8208
769,6372| 10,5314 TG(14:1/14:1/18:3) Positive 1,1214 0,6144
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SUPPLEMENTARY TABLE 4. Metabolome profiling of ELVs isolated from human plasma samples and

surrLeng@iiee Uity remedianibalble s

Metabolite
‘Glycerophospholipids/Shingolipids
18:1-18:2-MGDG
DG(16:0/17:0/0:0)
DG(18:0/19:0/0:0)
DISTEAROYL-MONOGALACTOSYL-DIGLYCERIDE
GalCer(d18:2/16:0)
Glucosylceramide (d18:1/16:0)
GPCho(18:0/14:0)
LysoPE(20:4/0:0)
MG(0:0/18:0/0:0)
PA(21:0/18:1)
PA(22:6/0:0)
PC(20:4/32:0)
PC(P-18:1/20:1)
PC(P-19:1/0:0)
PE(12:0/16:0)
PE(22:2/16:1)
PE-Cer(d14:2/23:0)
PG(16:0/16:0)
PG(16:0/20:0)
PHOSPHONYL CHOLINE
phytosphingosine
PI(16:0/22:4)
PI(P-16:0/18:4)
P1-Cer(d20:0/18:0)
PS(16:0/13:0)
PS(21:0/0:0)
PS-NACc(18:1/18:1/19:0)
Psychosine sulfate
SLBPA(54:3)
SM(d18:1/16:0)
Sulfogalactosylceramide
TG(12:0/12:0/20:5)
TG(13:0/18:3/22:6)
Fatty acid ester samides'amines/alcohols
arachidonoy/ serine
9-Oxoasimicinone
Biotinyl-CoA
BUTAN-AMINE
Dimethyl-oxooctyl-CoA
Dodecanamide
Hexadecenoyl-CoA
Hydroxydecanoyl-CoA
Hydroxydodecanoyl-CoA
Hydroxyhexanoyl-CoA
Hydroxyisopentyl-CoA
hydroxyphenylpropionyl-CoA
Malonyl-CoA
N-Oleoylethanolamine
Oleamide
Tetradecenoyl-CoA
Virodhamine
PHENYLETHYLAMINE
Organic Acidsand Deriv:
Hexacosanedioic acid
Phosphopantothenate
Nucleotides and derivatives
ADENOSINE
ADENOSINE 5-MONOPHOSPHATE
CDP-N-methylethanolamine
CoA
CYTIDINE 5-MONOPHOSPHATE
DEOXYURIDINE-5"-DIPHOSPHATE
Diadenosine heptaphosphate
DIMETHYL-AMINO-ADENOSINE-MONOPHOSPHATE
DIMETHYLGUANOSINE-MONOPHOSPHATE
FLUORO-DEOXYTHYMIDINE MONOPHOSPHATE
GUANOSINE-5-MONOPHOSPHATE
GUANOSINE-5-TRIPHOSPHATE
METHYLTHIO-ADENOSINE-5-MONOPHOSPHATE
PROPYL THYMIDINE-5-MONOPHOSPHATE
Ribose triphosphate
Se-Adenosylselenomethionine
THYMIDINE-5-MONOPHOSPHATE
UDP-AAGM-DIAMINOHEPTANEDIOATE
DIDEOXYCYTOSINE-DIPHOSPATE
Amino acids/conjugates
L-histidine
N-oleoy! glutamic acid
tyrosyl-AMP
Peptides/peptide conjugates
Ala Lys Thr Arg
CoA-glutathione
Cys Phe Ser Lys
Lys Lys Pro Leu
Phe Trp Phe Arg
Pro Asn Phe Gly
Tyr Phe Phe Trp
Tyr Val Arg Tyr
Val Lys Lys Lys
S-nitrosoglutathione
Nitr ionyl-hydroxy
Sugarsand sugar conjugates
Acetyl glucosamine bisphosphate

hydro-deoxy p D-arabino-Hex-1-enitol
BUTANOYL-AMINO-DEOXY-GLUCOPYRANOSIDE
BUTANOYL GLUCOSAMINE
D-Glucosaminide
D-Mannosylglycoprotein
Fucosyllactose
Glycoprotein phospho-D-mannose
Cydli iphatil ar

10-formyldihydrofolate
hydroxymethylbilane
PHENYLLACTATE
POLYPROPYLENE GLYCOL
Urobilinogen

Picolinic acid

Steroids, prenols and eichosanoids
15-HETE-Gly
25-hydroxy-hexadehydrovitamin D3
3-Deoxyvitamin D3

CE(20:5)

Coenzyme Q10
dihydroxy-oxavitamin D3
Fluoro-hydroxyhydrocortisone
hydroxy-dihydrovitamin D3
hydroxy-norvitamin D3
Nutriacholic acid
trifluoro-hydroxyvitamin D3
Ubiquinone-9

Others

Palmitoy! glucuronide

108

miz

781,582
583,529
637,580
787,628
696,541
700,570
735,576
500,280
359,314
743,559
483,251
1004,806
798,635
520,376
636,459
768,551
701,556
707,520
777,563
637,468
614,572
885,550
815,507
836,602
680,483
566,345
1066,806
542,302
1039,795
703,574
890,636
741,601
857,668

392,280
637,468

200,201

853,593
326,306
282,279

348,291

427,379

405,819

395,249
387,155
1076,953

323,194
421,155

426,125

412,307
527,128

473,282

484,221
485,347
655,336
432,188
662,299
600,313
502,373

381,291
366,140

902,827
489,182

472,159

612,469

122,024

378,265
393,280
369,350
669,563
861,677
419,316
397,202
433,332
441,298
391,283
455,311
793,610

417,287

RT (min)

10,171
10,105
10,337
10,208
10,231
10,162
10,144
6,104
8,814
10,191
5,534
0,583
10,202
8,735
7,123
10,178
9,748
10,129
10,092
9,396
10,358
10,107
7,001
10,334
7,114
6,657
0,589
10,116
0,593
9,993
8,786
8,815
10,277

9,252
9,396

5,785

10,026
8,578
8,020

8,073

9,958

0,787

7,612
8,072
10,305

8,793
5,477

5,109

5,233
5,479

1,354

4,336
7,151
8,052
0,838
8,056
7,998
7,149

8,638
6,514

0,588
4,330

5,484

8,610
4,043

5,335
8,787
10,181
10,397
10,301
9,655
7,978
9,833
9,691
9,262
9,809
10,139

6,764

Masserror (ppm)

0,000
0,001
0,002
0,001
0,001
0,003
0,001
0,002
0,001
0,000
0,000
0,001
0,002
0,000
0,001
0,004
0,003
0,002
0,002
0,000
0,000
0,000
0,000
0,000
0,003
0,002
0,001
0,002
0,002
0,001
0,003
0,002
0,001

0,001
0,001
0,002
0,001
0,003
0,000
0,001
0,004
0,004
0,003
0,003
0,005
0,001
0,000
0,000
0,004
0,001
0,002

0,001
0,000

0,001
0,001
0,001
0,000
0,002
0,001
0,002
0,000
0,001
0,001
0,001
0,001
0,002
0,000
0,000
0,002
0,002
0,002
0,000

0,000
0,001
0,001

0,002
0,001
0,001
0,002
0,001
0,001
0,002
0,002
0,002
0,000
0,001

0,001
0,001
0,001
0,002
0,002
0,002
0,001
0,004

0,002
0,003
0,001
0,000
0,001
0,001

0,001
0,000
0,002
0,001
0,000
0,000
0,000
0,000
0,000
0,002
0,002
0,004

0,001

Mode MMCD ID

Pos.
Pos.

Neg.

Pos.

q_01214
cq_11560
q_19613

cq_02941
q_02933
q_02931
cq_02937
cq_03374
€q_18165
cq_00054

¢q_03890

cq_13599

¢q_02083

cq_16117
q_11699
€q_02081
cq_00007
¢q_12390
q_13046

cq_11436
€q_14205
cq_13235
cq_13383
q_14756
cq_10977
cq_14827
€q_01737
cq_03206

cq_10399
¢q_12850

cq_02573

cq_00628

q_19046
cq_16463

q_02586
cq_12179
¢q_02737
€q_17588
cq_01971
cq_02353
q_19312
cq_11841

¢q_03242

KEGG ID

C00350

C00626

C02744

C06125

C13831

C19670

C11462

C03204

C10164

C02530
C11378;C00399
C14638

C01967

C03033

rPutative-identificationsrin plasmanfldts pesna evs

PubChem SID

14710864
14710917

123068846;123068819

123066845
123067334
7983542
74380419
123062508
123062324;-
160780231
123064911
123064796
123065958;-
123066090
160780305
123063650
123063853
49703606
5704
49703613
7850646
49703648;-
135638336
135639669

74380323;7850527

157540

49703514;-;135637086

123060035;-

14710839

123060503
13633

126522571
14715099
49703700

24702211;-

4266323
14715071
14715203;14715202
14715032
380848
14715138
5068

PubChem CID

6475228
3082164
53480952
79075

53480813

52924779

5280538

24779587

14256

5283454
5283387

5712057

53477728

443217

21771334

168809

53477889
5926222;5281915;-

313030
5280473

161223

HMDB04971
HMDB05261
HMDB11518
HMDB11535

HMDB11315

HMDB09551

HMDB09794

HMDB12318

HMDB32949

HMDB02088
HMDB02117

HMDB13655

HMDBO01433

HMDB02282

HMDB06620

HMDB06485

HMDB02243

HMDB06731
HMDB02139;HMDB01072;HMDB06709

HMDBO00467

HMDB10331
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Name miz Masserror (ppm) Mode KEGG ID PubChem SID PubChem CID HMDBID

Glycer

(3"sulfo)Galbeta-Cer(d18:1/24:1(15Z)(20H)) 906,6315022 0,001953125P0s. - 24779588 - -

(4E,8Z,d18:2) sphingosine 298,2743381 0,000274658Pos. - 11993697;11220228 - -

16:4(42,72,10Z2,132) 249,1845266 3,561E-04Pos. - 5312433 - -

1-O-eicosanoyl-Cer(d18:1/16:0) 832,8123017 6,71E-04Pos. - - - -
1-STEAROYL-2-OLEOYL-SN-GLYCERO-3-PHOSPHATE 702,5226965 0,003295898P0s. - - - -

3-Dehydrosphinganine 300,2892092 4,88E-04Pos.  C02934 5855 439853 HMDB01480
CDP-DG(18:1(112)/20:4(5Z,8Z,11Z,142)) 1028,540369 0,003173828Pos. - 53477934 - HMDB06991

Cer(d14:1(4E)/26:0(20H)) 638,6069683 0,001159668Pos. - 70698960 - -

DG(16:0/22:3(10Z,13Z,16Z)/0:0)[is02] 647,5590049 0,001831055P0s. - 9543781 - -

iso (4E,15-methyl-d16:1) sphingosine 286,2743382 0,000274658Pos. - 42608345 - -

LacCer(d18:0/18:0) 892,6748602 0,002929688Pos. - 52931265 - -

LacCer(d18:1/22:0) 946,7217046 0,002807617Pos. - 44260159;44260143;44261959 - -

LysoPE(0:0/18:1(11Z)) 478,2919262 0,001983643Neg. - 53480924;- 53480924 HMDB11475
LysoPE(0:0/20:4(5Z,8Z,11Z,142)) 500,2757868 0,002502441Neg. - 53480936;- 53480936 HMDB11487
LysoPE(0:0/22:6(4Z,7Z,10Z,13Z,16Z,19Z)) 526,2942355 0,001464844Pos. - 53480945 - HMDB11496

N,N-dimethylsphingosine 328,3203729 0,000579834Pos. - 5282309 - -

PA(15:1(92)/0:0) 395,2203355 0,001068115Pos. - 52929755 - N
PA(19:1(92)/22:6(42,72,10Z,13Z,16Z,19Z)) 761,512688 0,001159668P0s. - 52929101 - -
PA(20:4(5Z,82,112,142)/22:6(42,7Z,10Z,13Z,16Z,192)) 769,4795955 6,71E-04Pos. - 52929239 - N
PA(22:6(42,72,10Z,13Z,16Z,19Z7)/19:1(9Z)) 761,512688 0,001159668P0s. - 52929426 - -

PA(0-16:0/16:1(92)) 633,4852947 6,10E-05Pos. - 52929571 - -

PA(0-20:0/0:0) 453,3362216 0,002258301Pos. - 52929769 - -

PC(0:0/16:0) 496,3389828 7,63E-04Pos. - 15061532 - -

PC(17:0/22:4(72,102,13Z,162)) 822,6039162 0,00213623Neg. - 52922519 - -

PC(17:0/22:6(42,7Z,10Z,13Z,16Z,19Z)) 820,5864184 0,001342773Pos. - 24778795 - -

PC(18:0/24:1(152)) 872,7059533 0,004333496P0s. - 24778881 - HMDB08059

PC(18:1(11Z)/P-18:0) 772,6219955 5,49E-04Pos. - 70698809 - -
PC(18:4(6Z,9Z,122,152)/22:6(4Z,72,10Z,13Z,16Z,19Z)) 826,541397 0,003234863Pos. - 52922939 - -

PC(19:0/22:6(42,72,10Z,132,16Z,19Z)) 848,6124677 0,003845215Pos. - 52922989 - N

PC(19:3(10Z,13Z,16Z)/0:0) 532,3401855 4,27E-04Pos. - 24779452 - -

PC(20:0/26:0) 930,7890269 4,27E-04Pos. - 24779059 - -

PC(20:4(52,8Z,11Z,142)/32:0) 1004,80449 8,54E-04Neg. - 24779078 - -

PC(20:5(5Z,82,117,14Z,17Z)/0:0) 542,3249609 9,16E-04Pos. - 11757087 - HMDB10397

PC(0-16:0/0-1:0) 496,376635 0,000488281Pos. - 127599 - -

PC(P-20:0/16:1(92)) 772,6219955 0,000549316Pos. - 52923990 - -

PE(14:1(92)/14:1(92)) 632,4269266 0,001647949P0s. - 52924935 - -

PE(16:0/0:0) 454,2940624 0,001312256Pos. - 9547069 - HMDB11503
PE(18:4(6Z,9Z,12Z,15Z)/22:6(4Z,7Z,10Z,13Z,16Z,19Z)) 784,4873289 0,003845215P0s. - 52924469 - -
PE(22:4(72,10Z,132,167)/22:6(42,7Z,10Z,13Z,16Z,19Z)) 840,5574337 0,003662109Pos. - 52923868 - N
PE(22:6(42,7Z,10Z,13Z,16Z,19Z)/0:0);LysoPE(22:6(4Z,7Z,10Z,13Z,16Z,19Z)/0:0) 524,2772358 0,001037598Neg. - 52925132;- 52925132 HMDB11526
PE(22:6(42,72,102,13Z,16Z,19Z)/18:4(6Z,9Z,12Z,15Z)) 784,4873289 0,003845215P0s. - 52924848 - -

PE(22:6(42,7Z,10Z,13Z,16Z,19Z)/20:0) 820,5864184 0,001342773Pos. - 52924851 - -

PE(24:1(15Z)/18:3(9Z,12Z,15Z)) 822,6039162 0,002075195Neg.  C00350 - 53480027 HMDB09755 w
PG(12:0/0:0) 429,2268203 0,002044678Pos. - 52927434 - - P
PG(12:0/18:4(62,9Z,12Z,152)) 687,4227584 4,27E-04Pos. - 52926321 - -

PG(13:0/0:0) 443,2406232 1,83E-04Pos. - 42607482 - - J
PG(13:0/22:2(132,162)) 761,5356875 0,003051758Pos. - 52926355 - - :
PG(14:0/20:5(5Z,8Z,11Z,14Z,172)) 741,4690493 0,001037598Pos. - 52927187 - N

PG(15:0/20:5(5Z,8Z,11Z,14Z,172)) 755,4862178 4,27E-04Pos. - 52926420 - - w
PG(18:1(92)/0:0) 511,3038566 7,93E-04Pos. - 9547135 - N m
PG(19:0/0:0) 527,3319051 0,002441406Pos. - 52927454 - -
PG(19:1(92)/22:6(4Z,72,10Z,13Z,16Z,19Z)) 835,5468304 0,001525879Pos. - 52926775 - N m
PG(20:1(11Z2)/22:6(42,72,10Z,13Z,16Z,19Z)) 849,5612849 0,002685547Pos. - 52926822 - -

PG(20:5(52,82,11Z,14Z,172)/0:0) 531,2733265 0,001525879Pos. - 52927453 - -

PG(22:6(42,72,10Z,132,16Z,192)/0:0) 557,2890534 0,001708984Pos. - 52927439 - -
PG(22:6(42,72,10Z,13Z,162,192)/19:1(92)) 835,5468304 0,001525879P0s. - 52927099 - -

PG(8:0/8:0) 499,2644088 0,002258301Pos. - 9547125 - -

P1(10:0/16:0) 725,4229571 0,001647949Neg. - 70698913 - -

PI(12:0/15:0) 741,4578214 0,002990723Pos. - 52927468 - -

: 545,2735774 0,001403809Pos. - 52928603 - -
PI(17:1(10Z)/0:0) 585,3022509 0,001220703Pos. - 42607494 - -
PI1(19:0/0:0) 613,336679 8,54E-04Neg. - 52928622 - -
PI1(0-16:0/20:5(5Z,8Z,11Z,14Z,17Z)) 843,5358716 0,002258301Pos. - 52928489 - N
PI(P-18:0/18:4(6Z,92,12Z,15Z)) 843,5358716 0,002258301Pos. - 52928551 - -
P1-Cer(d18:0/20:0(20H)) 852,5982073 0,001098633Neg. - 70699104 - -
Pl-Cer(d18:1/22: 862,6190738 0,001159668Neg. - 9547204 - -
P1-Cer(t18:0/24:0(20H)) 926,6698145 6,10E-04Pos. - 70699112 - -
P1-Cer(t20:0/18:0) 852,5982073 0,001098633Neg. - 70699091 - -
PI-Cer(t20:0/22:0(20H)) 926,6698145 0,000610352P0s. - 70699117 - -
PS(12:0/18:0) 708,4822126 0,001281738Pos. - 52926048 - -
PS(12:0/22:6(42,72,10Z,132,16Z,19Z)) 752,4483401 0,001281738Pos. - 52926044 - N
PS(13:0/17:0) 708,4783318 0,002624512Pos. - 52926042 - -
PS(14:0/16:0) 708,4822126 0,001281738Pos. - 52926089 - -
PS(14:1(92)/20:5(5Z,8Z,11Z,14Z,172)) 752,4483401 0,001281738Pos. - 52925242 - -
PS(18:3(6Z,92,122)/20:5(5Z,82,112,14Z,17Z)) 804,4842722 0,003295898Pos. - 52925500 - N
PS(18:3(92,127,157)/20:5(52,82,11Z,14Z,17Z)) 804,4842722 0,003295898Pos. - 52925528 - -
PS(22:0/22:1(112)) 902,6861844 0,001708984Pos. - 52925832 - -
PS(P-16:0/17:2(9Z,122)) 730,5022978 5,49E-04Pos. - 52926193 - -

Psychosine sulfate 542,3010029 0,001708984Pos.  C02744 5704 5280538 -
Sphingosine 300,2891064 5,80E-04Pos.  C00319 5280335 - HMDB00252
TG(12:0/17:0/22:3(10Z,13Z,162))[is06] 843,7455949 0,00201416Pos. - 56937182 - -
TG(12:0/20:0/22:0)[is06] 889,8218397 0,001098633Neg. - 56937377 - -
TG(12:0/22:0/22:4(72,10Z,13Z,162))[is06] 911,8042609 0,00189209Pos. - 56937444 - -
TG(17:0/22:3(10Z,132,162)/22:6(42,7Z,10Z,13Z,16Z,19Z))[is06] 971,8042499 0,00189209Pos. - 9545990 - -
TG(18:0/18:0/18:0) 889,8218397 0,001159668Neg. - - 11146 HMDB05393
TG(19:0/22:5(72,10Z,13Z,16Z,19Z)/22:6(4Z,7Z,10Z,13Z,16Z,19Z))[is06] 995,8018995 0,004272461Pos. - 9546416 - -
Fatty acid estersamidesamines/alcohols
2-Phenylacetamide 136,075016 0,000686646Pos.  C02505 150762 - -
3,8-dioxooct-5-enoyl-CoA 920,1684177 0,001464844Pos. - 56927763 - -
Anandamide (18:4, n-3) 320,2568919 0,001464844Pos. - 5283448 - -
Dodecanamide 200,200698 1,98E-04Pos.  C13831 157540 14256 -
Oleamide 282,2805083 0,001342773Pos. - 5353370;5283387 - -
Linoleamide 280,2641591 0,000701904Pos. - 6435901 - -
m-Tyramine 138,0916713 3,36E-04Pos. - N 11492 HMDB04989
Myristoyl-EA 272,2583911 3,05E-05Po0s. - 8890 - -
N-Acetylserotonin 219,1134948 6,87E-04Pos.  C00978 213206 - HMDB01238
N-arachidonoyl GABA 390,3002011 6,10E-05Pos. - 16759310 - -
N-hydroxy arachidonoyl amine 320,2568919 0,001464844Pos. - 5283414 - -
N-oleoyl ethanolamine 326,3061263 7,63E-04Pos. - 5283454 - HMDB02088
N-oleoyl GABA 368,3170876 0,001220703Pos. - 16759340 - -
O-glutarylcarnitine 276,1442025 3,05176E-05P0s. - 71464488;53481622 - HMDB13130
O-methylmalonylcarnitine 262,128991 5,49E-04Pos. - 71464478;53481628 - HMDB13133
O-succinylcarnitine 262,128991 0,000549316P0s. - 71464481 - -
Palmitoleamide 254,2488906 0,00100708Pos. - 56936054 - N
Palmitoleoyl-EA 298,2743381 0,000274658Pos. - 9835868 - -
Palmitoyl-EA 300,2894194 0,000244141Pos. - 4671 - HMDB02100
Pentadecanoyl-EA 286,2743382 2,75E-04Pos. - 14455157 - -
Stearoyl-EA 328,3203729 5,80E-04Pos. - 27902 - -
Tridecanamide 214,2165188 6,10E-05P0s. - 4167542 - -
Organic Acidsand Derivatives
Allantoate 177,061704 0,00012207Pos.  C00499 208923 - 1::1209
Aminoadipic acid 162,0758805 1,98E-04Pos. - 469 - w0510
enol-Phenylpyruvate 165,0547143 9,16E-05Pos.  C02763 5719 641637 HMDB01237
Homocarnosine 241,1292891 2,29E-04Pos.  C00884 675516 89235 HMDB00745
Tetradecanedioic acid 259,1901419 2,14E-04Pos. - - 13185 HMDB00872
2-amino-isobutyric acid 104,0701151 0,000465393Pos. - 6119 - HMDB01906
Nucleotidesand derivatives
3'-THIO-THYMIDINE-5'-PHOSPHATE 339,0398195 0,001190186Pos. - - - -

3470 439176 HMDB01173

5'-Methylthioadenosine 298,0969767 0,000152588P0s.  C00170
6- FLAVINE MONONUCLEOTIDE 681,2939175 0,003295898Neg. -
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Organic Acidsand Derivatives
Allantoate

Aminoadipic acid

enol-Phenylpyruvate

Homocarnosine

Tetradecanedioic acid
2-amino-isobutyric acid
Nucleotidesand derivatives
3'-THIO-THYMIDINE-5-PHOSPHATE
5'-Methylthioadenosine

6- FLAVINE MONONUCLEOTIDE
6-AMINO-1-METHYLPURINE
7-METHYL-6-THIO-GUANOSINE
Adenine

duMP

N1-methyladenine
S-Adenosyl-L-methionine
S-ADENOSYLMETHIONINE METHYL ESTER
UDP-D-glucosamine

/Amino acids/conj ugates

4-Oxoproline

D-Arginine

L-Arginine

L-Phenylalanine

GLYCINE

N-oleoyl tryptophan

N-palmitoy! tryptophan

L-SERINE
(2R,4S)-2,4-Diaminopentanoate
Peptidedpeptide conjugates
Homocarnosine

Sugarsand sugar conjugates
(S)-malyl alpha-D-glucosaminide
4-AMINO-2-DEOXY-2,3-DEHYDRO-N-NEURAMINIC ACID
D-Ribose 1-diphosphate

Fructose 1,6-bisphosphate

Cydlic alcohols aliphatic and aromatic compounds
5,6-Dihydroxyindole
Indole-3-acetaldehyde

Pentaglutamy| folate

Thiamin triphosphate

Steroids, prenolsand eicosanoids
12R-HETIE

15-HETrE

all-trans-4-oxoretinoic acid

Coenzyme Q4

PGE2alpha dimethy| amine
11-dehydro-2,3-dinor-TXB2
PGE2alpha dimethy| amine
PGF2alpha-11-acetate

Others

Dihydroxyacetone Phosphate Acyl Ester
(R)(-)-Allantoin

molybdenum cofactor (sulfide)
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326,3061263
368,3170876
276,1442025

262,128991

262,128991
254,2488906
298,2743381
300,2894194
286,2743382
328,3203729
214,2165188

177,061704
162,0758805
165,0547143
241,1292891
259,1901419
104,0701151

339,0398195
298,0969767
681,2939175
151,0847336
314,0915715
136,0622285
307,0324934
151,0847336
399,1450817
415,1770317

550,084437

130,0501397
175,11935
175,11935

166,0865722

201,1225583

469,3444663

443,3252979

309,1285938

133,0971697

241,1292891

296,0962432
291,1184238
292,9844405
322,9934885

150,0550344
160,0760248
958,3170378
502,9964309

323,2573853
323,2573853
315,1954569
455,3141991
368,3170876
339,1797467
368,3170876
395,2429838

196,9850873
159,0509586
537,8588862

7,63E-04Pos.
0,001220703Pos.
3,05176E-05Pos.
5,49E-04Pos.
0,000549316Pos.
0,00100708 Pos.
0,000274658Pos.
0,000244141Pos.
2,75E-04Pos.
5,80E-04Pos.
6,10E-05Pos.

0,00012207 Pos.
1,98E-04Pos.
9,16E-05Pos.
2,29E-04Pos.
2,14E-04Pos.

0,000465393Pos.

0,001190186Pos.
0,000152588Pos.

0,003295898Neg.

0,000518799Pos.
1,53E-04Pos.
4,58E-04Pos.

0,001190186Neg.

5,19E-04Pos.
5,80E-04Pos.
0,001220703Pos.
0,001037598Pos.

2,75E-04Pos.
3,97E-04Pos.
0,000396729Pos.
3,20E-04Pos.
8,09E-04Pos.
0,001983643Pos.
0,001464844Pos.
6,41E-04Pos.
1,52588E-05Pos.

0,000228882Pos.

0,001312256Pos.
2,14E-04Pos.

0,00112915Neg.
3,66E-04 Neg.

7,63E-05Pos.
0,000320435Pos.
3,05E-04Pos.

2,14E-04 Neg.

0,000671387Pos.
6,71E-04Pos.

0 Pos.
0,001342773Pos.
0,001220703Pos.

0,001586914Neg.

0,001220703Pos.

9,46E-04 Neg.

5,65E-04 Neg.

0,000305176Pos.
0,00177002 Pos.

C00499

C02763
C00884

C00170
C00147
C00365

C00019

01877
C00792
C00062
C00079

C03943
C00884

C06248
C00354; C05378

C05578
C00637

C03028

C03372
C02348

71464488;53481622
71464478,53481628

44322431;5283145

5283454 -

HMDB02088
16759340 - -

- HMDB13130

- HMDB13133
71464481 - -
56936054 - -
9835868 - -

4671 - HMDB02100
14455157 - -
27902 - -
4167542 - -

208923 - HMDB01209

469 - HMDB00510

5719 641637 HMDB01237

675516 89235 HMDB00745

13185 HMDB00872

6119 - HMDB01906

3470 439176 HMDB01173

149245 - HMDB00034

65063 HMDB01409

176451 34755 HMDB01185
6857448 -

728486 107541 HMDB03578

4050 71070 HMDB03416
149262 - -

149037 - HMDB00159
52922061 - -
10321153 - -
6667 440169 -

675516 89235 HMDB00745
57339274 - -
8487 440963 -

445555 HMDB01058

691592 114683 HMDB04058

765782 - HMDB01190

73374 HMDB06487

161947 18989 HMDB01512
5283149 - -

- HMDB05045

6437063 - HMDB06285

5283545 - HMDB06709
5283101 - -
35024530 - -
5283101 - -
5283088 - -

6857386 HMDB11750
5396 439713 -
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SUPPLEMENTARY TABLE 5. Unassigned metabolites IDs found in plasma and cell culture media

ELVs. This table is not included due to its extension.

SUPPLEMENJARY TABLE; 6. Significant m/z detected in ELVs isolated from PANC1 cell culture media.

Significant m/z detected in ELVs isolated from
PANCI1 cell culture media.

m/z FC p-v Mode
355,166 2,214 0.004  |Negative
647,089 2,389 0.005 |Negative
835,386 | 2,036 0.008 _|Negative
579,103 2,089 0.014 [Negative
585,121 2,035 0.019 [Negative
549,071 2,028 0.020 |Negative
579,104 2,136 0.021 |Negative
449,149 | 2,166 0.023  |Negative
374,340 2,053 0.024 _ |Negative
449,149 2,176 0.024  |Negative
517,136 2,355 0.024  |Negative
517,136 2,261 0.024  |Negative
807,371 2,416 0.024  |Negative
549,071 2,404 0.029 |Negative
355,166 2,661 0.031 |Negative
385,177 | 2,669 0.032 _|Negative
508,279 6,874 0.033  |Negative
594,068 2,183 0.037  |Negative
242,175 2,876 0.045 |Negative
385,177 2,958 0.047 |Negative
228,438 2,525 0,004 |Positive
451,166 2,202 0,004 |Positive
550,084 2,285 0,004 |Positive
244,264 2,622 0,005 |Positive
945,303 3,361 0,005 |Positive
459,349 7,492 0,005 [Positive
395,103 2,256 0,006 |Positive
939,276 3,877 0,006 |Positive
175,016 2,739 0,007 _[Positive
507,085 2,198 0,008 |Positive
509,081 2,404 0,009 |Positive
961,263 4,369 0,009 |Positive
227,048 2,741 0,009 |Positive
339,040 2,517 0,009 |Positive
275,069 | 2,874 0,012 [Positive
302,266 | 2,504 0,014 [Positive
647,544 | 3,681 0,016 _|Positive
163,077 2,221 0,019 |Positive
395,733 | 2,046 0,023 [Positive
149,095| 2,295 0,024 |Positive
344,254 2,613 0,025 |Positive
901,462 | 2,789 0,025 |Positive
275,068 | 2,079 0,025 |Positive
272,295 2,719 0,025 |Positive
149,061 | 2,873 0,026 _|Positive
901,330 3,977 0,026 _|Positive
180,173 3,148 0,026 |Positive
377,091 2,287 0,027 |Positive
365,137 2,464 0,027 |Positive
243,210 2,012 0,028 |Positive
337,106 3,059 0,029 |Positive
954,242 9,699 0,029 |Positive
921,465 2,041 0,035 |Positive
647,559 2,097 0,038 |Positive
580,455 3,801 0,042 |Positive
1051,539| 2,644 0,048 |Positive
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CHAPTERII

INTEGRATIVE ANALYSIS OF THE LIPIDOME AND METABOLOME OF
BIOFLUIDS AND EXTRACELLULAR VESICLES YIELDS BIOSIGNATURES
TO DIAGNOSE ENDOMETRIAL CANCER

ABSTRACT

Endometrial cancer (EC) is the fourth most common cancer in women in
developed countries. Although pioneering efforts have been made into
discovering new diagnostic biomarkers for EC, none of the candidates have
thus far met the criteria for specificity and sensitivity that would augment
translation for potential clinical use. In order to overcome this problem, we
sought to identify a panel of diagnostic markers by using a multi-pronged
approach; this included analysis of 4 different human biofluids: plasma, uterine
aspirates (UAs) and extracellular vesicles (EVs) derived from plasma or from
UA, in order to develop small molecule biosignatures. Metabolomic profiling
provides insights into the changes associated with a diseased state and can be
useful for developing novel non-invasive diagnostic tests. Thus, in this study, we
initially used an untargeted profiling approach (discovery phase) using a clinical
cohort that included 127 patient samples that resulted in the identification of a
set of 77 candidate metabolite markers that were verified by MS/MS. These
data were used to build classifiers and biomarker efficiency was evaluated
using ROC analysis. We developed 4 discrete biomarker panels, one for each
type of matrix with potential for clinical classification of EC. The best predictive
value was obtained for a 13 metabolite panel verified in plasma samples with an
AUC of 0.986 that could be developed as a minimally invasive biomarker test

following large scale validations.

To our knowledge, this is the first report that integrates biomarker information
derived from the combination of 4 different matrices for EC diagnosis. Results
from this study lay the foundation for future large scale validation studies for
delineating robust biomarker panels with clinical potential. These efforts will
improve the early diagnosis of EC, thus improving survival of patients.
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INTRODUCTION

Endometrial cancer (EC) is the fourth most common cancer in women in
developed countries and the most common malignancy within the female
reproductive system and its incidence and mortality rate are still increasing *.
Current methods of diagnosis include minimally-invasive diagnostic tests
(pipelle biopsies, which have a 22% of failure associated, and/or more risky and
invasive approaches (such as curettage, biopsy and hysteroscopy) %. In the last
decade, many studies sought to identify EC diagnostic markers to achieve a
non-invasive diagnosis; however those panels lacked specificity and sensitivity
% Hence, the identification of novel sensitive and specific biomarkers for a non-

invasive diagnosis of EC is still required.

Tumor biomarkers are described as quantifiable molecules produced and
released by cells representing a pathological condition in a subject compared to

normal physiological state .

For diagnostic purposes, the detection of
biomarkers in human biofluids is highly recommended since they are readily
accessible and can be generally collected in larger quantities compared to

tissues .

Our approach for identifying EC biomarkers was based in a comparison
between EC patients and control subjects. The most common biofluid used in
discovery studies is plasma, since it is a sample that permits to achieve an easy
and non-invasive diagnosis. In our study, a part from plasma, we included 3
additional matrices. Thus, the analysis was performed using plasma, uterine
aspirate (UA), and extracellular vesicles (EVs) isolated from plasma (P EVs)
and from UA (UA EVs). On one hand, UAs are endometrial biopsies obtained
by aspiration from the uterine cavity . Since they are in direct contact with the
uterus, they are considered as a proximal biofluid. UA reflect the molecular
status of the growing endometrial tumor and thus can be used as an information
rich matrix for the detection and identification of specific and sensitive
biomarkers. They contain epithelial secretions of the uterus, compounds filtered
selectively and endometrial and blood cells. Some research has been done
using UAs as an informative source for diagnostic purposes 3% put this is

the first attempt to characterize the metabolome of UAs. On the other hand,
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EVs are heterogeneous nanovesicles (from 30 to 10,000 nm) limited by lipid
membranes that originate from the plasma membrane or from the multivesicular
bodies '%. They were first described by Pan and Johnstone in 1983 "°" and they

102,103

are known to play a fundamental role in cellular communication and in

cancer %1419 Evs can be isolated from many biofluids '® and can be used

107-109

as an informative sample for biomarker discovery studies , among others.

Metabolomics and ultra high performance liquid chromatography mass
spectrometry (UHPLC-MS) analysis are the method of choice for this study
since they offer a good promise as an effective and quickly diagnostic technique
in several diseases, including cancer "0 This new field is growing as one of the
more efficacious in the discovery for diagnostic biomarkers '""''2. MS-based
metabolomic research allows the separation and identification of an extensive

"3 and has been used to characterize

number of endogenous metabolites
changes in low molecular weight compounds associated to genesis and

progression of human pathologies "**.

Since clinical biofluids are routinely collected in an easy, non-invasive, and
inexpensive way, development of biofluid based clinical assays is a pragmatic
approach. In our study, we present a standard strategy for biomarker

development '"°

including a discovery phase by using UHPLC-MS, and a
tandem mass spectrometry (MS/MS) verification phase in order to develop a
biomarker panel allowing the early and non-invasive diagnostic of EC. A
validation phase by multiple reaction monitoring (MRM) with an independent

cohort of 121 patients to evaluate the specificity of the panel is in progress.

MATERIAL AND METHODS

Study population

All patients included in the study underwent surgery at Vall Hebron University
Hospital (VHUH) in Barcelona, Spain, and signed an informed consent. The
Clinical Research ethics Committee at VHUH approved the study (approval
number: PR_AMI_50-2012). The final diagnosis of each patient was determined
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in the VHUH Pathology Department. A description of the samples in the study is
detailed in Table 1.

Samples used for the discovery and MSMS verification: Number of samples used per matrix
. Uterine
Diagnosis F.L.G.O. Type| Pre/Post- Plasma Ute'rme Plasm aspirate
Il | menopausal aspirate| a Evs Evs
Control (14 patients) Post 10 12 13 14
Endometrial adenosquamous carcinoma (12 patients) 1A | Post 11 10 12 10
Endometrial adenosquamous carcinoma (10 patients) B | Post 10 10 7 8

Samples for MRM validations:

Number

Diagnosis F.L.G.O. Type| Pre/Post- Matrix of
Il | menopausal .

patients
Control Post Plasma 41
Endometrial adenosquamous carcinoma 1A | Post Plasma 38
Endometrial adenosquamous carcinoma B | Post Plasma 18
Endometrial adenosquamous carcinoma 1l | Post Plasma 16
Endometrial adenosquamous carcinoma ll | Post Plasma 4
Endometrial adenosquamous carcinoma \ | Post Plasma 4

Table 1. Clinical information of the study cohort.

Sample collection and processing

Blood and UA were collected under sterile conditions in the surgery room and

rapidly transported to the laboratory to be processed.

UA samples were collected by aspiration using an endometrial suction curette
(Cat# 4164. Gynetics Medical Products, Lommel, Belgium). PBS1X was added
to each sample in a 1:1 ratio. UA were vortexed and centrifuged for 20 min at
2.500 g at 4 °C. The supernatant was then transferred to a clean 1.5 ml tube

and frozen at -80 °C.

Blood samples were collected in tubes containing EDTA (Cat# 367525.
Pulmolab, Los Angeles, California). After inverting the sample, protease
inhibitors in a ratio 1:200 were added at room temperature. The samples were
centrifuged for 15 min and the supernatant was placed in a new tube and
centrifuged again. The final supernatant or plasma was properly labeled and
stored at -80 °C.

EVs isolation

EVs were isolated from 400 pL of UA supernatant and 250 uL of plasma since

in previous studies we already optimized the minimum starting volume of
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biofluid needed to obtain quality data '°. For EVs purification we followed a
modification of the protocol published by Thery et al ''®. After centrifuging the
fluids at 16,500 g at 4 °C for 20 min, the supernatant was transferred to an
ultracentrifuge tube (Cat#03141. Thermo Scientific, NY, USA) and centrifuged
again at 100,000 g at 4 °C for 2 h. The pellet obtained was washed with Tris
Buffered Saline-Calcium and centrifuged again at 100,000 g at 4 °C for 1 h.
Finally the pellet (containing the EVs) was collected in 60 pL PBS 1X buffer and

stored at -80 °C for further analysis.

Nanoparticle tracking analysis

EVs were firstly analyzed using a Nanoparticle Tracking Analysis (NTA,
Nanosight LM10, Malvern Instruments, UK) according to the standard protocol
provided by the manufacturer. EVs were diluted with Milli-Q water (Milli-Q
Synthesis, Merck Millipore, Massachusetts, USA) and videos were recorded for
1 min (at least 3 measurements per sample were taken). The number and size
of the particles was calculated automatically based on the Brownian motion

rate. The data were analyzed using the software version 2.3.

Sample preparation for the metabolome LC-MS analysis

A volume of 25 pL of plasma was added to 175 pyL of a 40% ACN: 25%
methanol: 35% water solution containing the internal standards (IS). Samples
were vortexed and incubated for 10 min on ice, centrifuged again and the

supernatant was dried under vacuum and stored and -80 °C for the analysis.

EVs isolated from both fluids and UAs were processed following a modified
protocol previously described by Sheikh et al ' . Samples were thawed on ice
and vortexed and, for metabolite extraction, 55 yL (v/v) of UA supernatant or
EVs were adjusted up to 150 yL of water and placed on dry ice for 30 sec
followed by incubation in a 37 °C water bath for 90 sec (heat shock). After
sonicating the samples for 30 sec, 600 pL of chilled methanol containing IS
were added and the tubes were incubated on ice for 15 min. A total of 600 uL of
chloroform was added to each tube followed by centrifugation at 13,000 at 4 °C
for 10 min. The supernatant was transferred to a new tube containing 600 pL of

ACN and tubes were incubated overnight at -20 °C. The tubes were centrifuged
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at 13,000 at 4 °C for 10 min and the supernatant was dried under vacuum and
stored and -80°C for the analysis. This sequential extraction method (using first
aqueous, followed by semi-polar, and finally non-polar solvents) permits the
extraction of a broad range of metabolites. Dried samples were resuspended in
200 pL of 50% water and 50% methanol followed by UPLC-ESI-Q-TOF-MS

analysis. Solvents chosen for the analysis allows

IS: 10 pL of debrisoquine (1 mG/mL) and 50 pL of 4-nitrobenzoat (1 mG/mL) for

each 10 mL of solution

Reagents for UPLC-MS Analysis

Chloroform, LC/MS-grade acetonitrile (ACN), water and methanol were
purchased from Fisher Optima grade, Fisher Scientific (New Jersey, USA). PBS
was purchased from Invitrogen (Carlsbad, CA, USA). Ammonium formate,
debrisoquine, 4-Nitrobenzoic acid (4-NBA) were purchased from Sigma- Aldrich
(St. Louis, MO, USA). High purity formic acid (99%) was purchased from
Thermo-Scientific (Rockford, IL, USA).

Ultra Performance Liquid Chromatography coupled to Quadrupole Time-Of-
Flight Mass Spectrometry (UPLC-QTOF-MS)

5 pL of each sample were injected onto a 1.7 ym, 2.1 x 100 mm reverse phase
Acquity UPLC CSH C18 column (Waters Corp.). The mobile phase was
composed by 0.1% formic acid in water (Solvent A), 0.1% formic acid in ACN
(Solvent B), IPA/ACN (90:10) containing 0.1% formic acid and 10mM
ammonium formate (Solvent D). The resolution was performed at a flow rate of
0.4 mL/min for 13 min. The gradient consisted of 97% Solvent A and 3%
Solvent B for 0.5 min, then a ramp of curve 6 to 60% Solvent B from 0.5 minute
to 4 min. From min 4 to 8 a ramp of cure 6 increases Solvent B to 98%. At min 9
Solvent B decreases to 5% and Solvent D increases to 95% and it is hold until
min 10. At 11 min at ramp of curve 6 the solvent composition goes to 25%
Solvent A, 25% Solvent B and 50% Solvent D followed by a calibration to
starting gradient of 97% Solvent A and 3% Solvent B. The capillary voltage
used was 3.2 KV and a sampling cone voltage of 30 V in negative mode and 20

V in positive mode. The desolvation gas flow was set to 750 L/h, and the
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temperature was set to 350 °C. The cone gas flow was 25 L/h, and the source
temperature was 120 °C. Accurate mass was maintained by introduction of
LockSpray interface of Leucine Enkaphalin (556.2771 [M + H] + or 554.2615 [M
- H]-). Data were acquired in TOF MS centroid mode from 50 to 1200 mass-to-
charge ratio (m/z) in MS scanning at a rate of 0.3 seconds. MS data acquisition
was performed using ESI-QTOF MS within the mass range of 50 to 1200 m/z in
positive and negative electrospray ionization (ESI) modes on a Xevo G2 Q-TOF
(Waters Corp.).

18 Molecular

The data were pre-processed using the XCMS software
identification was determined by comparing the chromatographic characteristics
(m/z, retention time, spectra) with reported mass spectral libraries and
databases: HMDB (http://www.hmdb.ca/), MMCD
(http://mmcd.nmrfam.wisc.edu/), LIPID MAPS (http://www.lipidmaps.org/),
KEGG (http://www.genome.jp/kegg/) and METLIN (https://metlin.scripps.edu/).

A set of resulting identities were verified by MS/MS comparing with the

fragmentation spectra of the authentically commercial standards using the same
gradient on a SYNAPT G2-Si (Waters Corp.) and also using MassFragment
software (Waters Corp.). Targeted analysis for the biomarker panel validation

were performed with a triple quadrupole MS operating in the MRM mode.

Statistical analyses

A multivariate data analysis using Metaboanalyst 3.0 web tool '°

was
performed for the MS data. Metabolites with an adjusted p-value of less than
0.05 were considered significant for constructing receiver operating
characteristic (ROC) analysis. Metabolite abundance patters were visualized as
box plots using Metaboanalyst 3.0 web tool. The area under the ROC curve
(AUC) for each metabolite and for combination of metabolites were calculated

to determine the specificity and sensitivity of the markers.
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RESULTS
Discovery phase

To the date, most of the reported EC biomarker studies used tissues or blood
as a sample matrix, however, there are no EC biomarkers implemented in
clinics yet % _In order to expand the scope of biomarker investigation using a
clinical cohort study, we performed an untargeted metabolomic discovery using
UPLC-ESI-TOF-MS. A total of 36 patients were used to obtain plasma, UA, P
EVs and UA EVs samples. The cohort included in the discovery phase
comprised control subjects (N=14), and EC type | patients at early stages of the
disease -FIGO stages IA and IB- (N=22). All patients included in the study were
postmenopausal women and did not receive any pre-surgery treatment. Patient

information is detailed in Table 1.

The use of plasma, UA and EVs derived from human samples for based
biomarker discovery studies has been previously studied in our group %1%,
Following the same methodology, samples were collected and EVs were
isolated. Size distribution and concentration of the EVs enriched fraction were
determined by NTA (Supplementary figure 1). The population of isolated EVs
followed a uniform size distribution with a unique peak corresponding to a mode

of 161 £ 6 nm for P EVs and 157 + 5 nm for UA EVs.

In the discovery phase, a total of 958 features were detected for the positive
ESI mode and 755 features for the negative ESI mode in the entire set of
samples. Afterwards, we compared for each matrix separately, control versus
EC samples (see Table 1) using an MS approach. In order to identify the
differences of the metabolome composition between the two study groups
(control subjects and EC patients) a multivariate analysis was performed. The
number of significant features (adjusted p-value < 0.05) encountered to be
differential between the two groups for each matrix is shown in Figure 1, Panel
A. They accounted for 683 in plasma; 612 for UA EVs; 276 for P EVs, and 234

for UA samples.

We then checked the overlap of significantly dysregulated features when

comparing control to EC samples among the four matrices (Figure 1, Panel B).
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Interestingly, just five common features were significantly dysregulated in the
four matrices, but no possible annotation for them was found. Plasma samples
presented a 25.7% of unique features, but showed an overlap of 139 significant
features with P EVs, 236 common features with UA EVs and 69 with UA.
Similarly, UA samples presented a big percentage (20.8%) of significant
features exclusively detected in UA. UA presented an overlap of 112 significant
features with UA EVs and 29 with P EVs. A total of 90 common features were
found to be significantly dysregulated in tumor samples in both UA EVs and P
EVs.

A B

UA P EVs

800 4

600 4

400 4

200 4

Number of significant features

Figure 1. Number of significant features detected in the discovery phase in each human matrix
when comparing the control group against the tumoral samples (Panel A) and overlap of
significant features among the different matrices. Extracelular vesicles (EVs), plasma (P),

uterine aspirate (UA).

The differential abundance of metabolites was plotted as a PCA showing the
separation between the two study groups (Figure 2). Although a similar number
of significant features were detected in plasma and in UA EVs, the biggest
separation between the two groups was given for the UA EVs since the features
detected in this matrix showed more robust concentration differences, in terms

of p-value.
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Figure 2. Principal Component Analysis (PCA) plots for the positive ESI mode showing the

separation between control subjects (N) and EC patients (T) in plasma (Panel A), P EVs (Panel
B), UA (Panel C) and UA EVs (Panel D).

Verification phase

The putative identity of a subset of significant features identified in UA and UA

EVs was confirmed by MS/MS (Table 2). A total of 8 features were verified for

the negative and 15 for the positive ESI mode. The fragmentation pattern of one

of the verified features is shown as an example in Supplementary figure 2.

Some interesting metabolites such as lactic acid, picolinic acid and lipoxin A4

were verified.
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m/z dppm |RT (min)|FC (T/N)| Adj. p-v 1D Formula Metlin ID | Matrix | Mode Major CID fragments

- . [137.506, 179.025, 181.028, 207.008,
283.2622| 3 8.5266 | 1.3740 |2.74E-02 Oleic acid C18H3402 45812 UA  |Negative 247.013, 265.002

KAPA (8-amino-7- - 39.871, 91.051, 105.543, 128.026,

Oxononanoic acid) C9H17NO3 3322 UA | Positive 170.065

78.955, 140.007, 152.991, 196.032,
478.2933| 1 6.0954 | 2.1508 (2.52E-02 Lyso PE (18:1) C23H46NO7P | 40778 |UAEvs|Negative|214.043, 281.245, 282.249, 435.169,

188.1284 1 2.6261 | 0.5738 |2.91E-02

460.046
483.2505| 0 5.0060 | 0.5006 [3.04E-05 PA(22:6/0:0) C25H3907P | 82338 UA | Positive 137.097, 139.074, 309.206
526.2936 1 5.6651 | 0.6341 [1.67E-02 PE(22:6/0:0) C27H44NO7P | 62284 [UAEvs| Positive 269.14, 283.12, 311.15
863.5657| 0 10.0322 | 2.5842 |1.78E-02 P1(14:0/22:1) C45H85013P [ 80096 UA _|Negative 279.233, 291.953, 339.064
864.5763| 0 10.0302 | 2.1787 |1.51E-02 PS(20:1/22:4) C48H84NO10P | 78220 UA  |Negative|297.044, 510.129, 528.946, 574.994
89.0242 2 0.4841 | 2.2644 |6.69E-03 Lactic acid C3H603 116 UA _|Negative 45.2708, 71.974

1-

186.0400( 4 0.4380 | 1.9772 |4.86E-02|cyclopropanecarboxyli| C7HINO5 C01215 | UA [Negative 45.181, 56.005, 59.579, 71.014,

87.007, 102.052, 128.035

¢ acid

315.0809( 4 0.4841 | 2.0523 (1.86E-02 Ser-Ser-OH C12H14N208 | 65143 UA | Positive | 80.9485, 135.002, 271.040, 268.121
335.1914| 3 3.8185 | 0.8408 [1.77E-02 Ser Lys Thr C13H26N406 | 17321 UA | Positive | 69.069, 84.962, 216.181, 317.292
359.1702( 3 3.4146 | 0.2114 (1.66E-09 Pro Gly Trp C18H22N404 | 15856 |UA Evs| Positive 127.07, 135;%%1 %:1111511 262.39,

.. | 70.888, 107.085, 121.099, 232.959,
418.2425| 4 4.8570 | 0.7069 |2.50E-03 Asp Lys Arg C16H31N706 | 16445 UA | Positive 286112, 357.202
4252157 3 4.5664 | 0.8143 |2.89E-02 Ser Arg Tyr C18H28N606 | 15751 UA | Positive | 82.0766, 123.041, 137.061, 157.110
436.2552| 0 4.6339 [ 0.1395 [2.21E-10 Ala Ala Phe Lys C21H33N505 | 103568 |UA Evs| Positive 70.00, 99.04, 277.15, 373.90
438.1990| 1 5.0229 | 0.4817 [2.19E-05 Tyr GIn GIn C19H27N507 | 20796 UA | Positive | 99.050, 135.070, 205.085, 223.133
477.2357) 0 4.1804 [ 0.1991 |1.08E-10 Tyr Ser Leu Pro C23H34N407 | 261671 |UA Evs|Negative|  41.54, 107.01, 116.92, 212.98

83.05, 147.118, 163.01, 239.04,
637.3066 4 7.5089 | 1.5709 (7.79E-03 Glu Phe Arg Trp C31H40N8O7 | 129378 |UAEvs| Positive | 295.108, 337.02, 393.07, 469.12,
525.17, 581.23
641.3524| 0 5.3379 | 0.1728 |1.09E-10 Phe Arg Arg Tyr C30H44N1006| 141378 |UAEvs| Positive 122.07, 136.05

117.0582, 164.937, 175.152,

3582627| 2 | 5.0808 | 0.6760 |3.14E-02 Lipoxin Ad C20H27DS05 | 96397 | UA  |Positive | o000 204 00 276124, 286,780 »
B
o _ |88.0757, 106.087, 125.071, 191.118,

2882003| 2 | 49141 | 0.4697 |3.40E-04 Sphinganine C18HIONO2 | 41558 | UA | Positve|500'10 218126, 270,275, 274 196 S
55.089, 69.070, 71.086, 79.056, [72)
2082748| 2 | 6.0583 | 1.7518 |4.18E-02|  Sphingosine C18H35NO2 | 46564 | UA | Positive|81.076, 207.181, 219.210, 263.238, 1]
281.250 (1'd

122.0245] 2 | 3.1930 | 1.1240 |2.93E-05] __ Picolinic Acid C6HBNO2 | 44803 |UAEvs|Negative] _ 81.53, 87.12, 105.02, 107.01

Table 2. Confirmed markers identified in UA and UA EVs by MS/MS.

In this phase, a 13% of fatty acyls/acids and conjugates, 47,8% of amino acids
and peptides, a 21,7% of glicerophospholipids, and a 17,4% of organonitrogen
compounds/pyridines/steroids were confirmed (Supplementary figure 3, Panel
A). UA EVs presented a very high percentage of possible annotations
corresponding to short peptides. Most of these peptides were not able to be
proved by MS/MS and this resulted in a lower percentage of verified features for

this sample type.

Heat maps of confirmed metabolites for UA and for UA EVs were generated
(Figure 3). Again, as seen in PCA plots, UA EVs gives a better separation

between the control and the EC group.

Moreover, ROC curves for the best panel of metabolites for each matrix were
also generated. A 7-metabolite panel for UA gave an AUC of 0.933 (Figure 4,
Panel A). The metabolites included in this panel are the lactic acid, sphinganine,
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Asp Lys Arg, Tyr GIn GIn, PA(22:6/0:0), PI(14:0/22:1) and PS(20:1/22:4). For
UA EVs we also generated ROC analysis and we obtained an AUC of 0.936 for
an 8-metabolite panel (Figure 4, Panel B). The metabolites included in this
panel were the Pro Gly Trp Ala, Ala Ala Phe Lys, Tyr Ser Leu Pro, Lyso PE
(18:1), PE(22:6/0:0), Glu Phe Arg Trp and Phe Arg Arg Tyr.

SerLys Thr

Sphingosine

Sphinganine
1-cyclopropanecarboxylic acid
Lactic acid

PI(14:0/22.1)

PS(2001/22:4)

Tyr Gin Gin

KAPA (8-amino-7-Oxononanoic acid)
Oleic acid

PA(22:6/0:0)

Lipoxin Ad

Ser-Ser-OH

Asp Lys Arg

Ser Arg Tyr

2 0 2 Normal Tumor

Picolinic Acid

PE(22:6/0:0)

Ala Ala Phe Lys

Lyso PE (18:1)

Glu Phe Arg Trp

Tyr Ser Leu Pro

Phe Arg Arg Tyr

Pro Gly Trp

10 1 Normal Tumor

Figure 3. Heat map showing the metabolites verified by MS/MS in UA (Panel A) and UA EVs
(Panel B) in metabolomic analysis. Individual scale maps for heat intensity are represented for

each matrix.
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Figure 4. ROC analysis representing the predictive power of a 7-metabolite (lactic acid,
sphinganine, Asp Lys Arg, Tyr GIn GIn, PA(22:6/0:0), P1(14:0/22:1) and PS(20:1/22:4)) panel for
UA samples (Panel A) and a 8-metabolite (the Pro Gly Trp Ala, Ala Ala Phe Lys, Tyr Ser Leu
Pro, Lyso PE (18:1), PE(22:6/0:0), Glu Phe Arg Trp and Phe Arg Arg Tyr) panel for UA Evs
(Panel B) in EC.

In Table 3, we show the list of confirmed identities that were identified in plasma
samples and P EVs. A total of 22 features were verified for the negative and 32
for the positive ESI mode. Many of the markers detected in P EVs to be
significant in the discovery phase could not be verified since they could not be

associated to any ID.

A big percentage (54.5%) of glycerophospholipids was confirmed by MS/MS
and also an important number of amino acids/peptides or analogues (25.4%)

(see Supplementary figure 3, Panel B).

The heat maps generated for the metabolites verified in plasma and in P EVs
are plotted in Figure 5. As seen in the table and the figure, a larger number of

small molecules were verified in plasma compared to P EVs.
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m/z dppm [RT (min)|FC (T/N){ Adj. p-v 1D Formula Metlin ID| Matrix Mode Major CID fragments
131.0825| 0 | 0.4698 | 0.7693 | 5.81E-04 Omithine C5H12N202_| C01602 | Plasma | Negative 43.017, 115.007, 116.874
2321542 | 0 | 3.3585 | 0.8015 | 1.74E-03 | Butyryl-camitine | C11H2INO4 | 964 |Plasma| Positive 85.02, 144.00, 173.08
2552305 | 9 | 7.8317 | 1.3430 | 4.09E-02 |  Palmitic acid C16H3202 187 | Plasma | Negative | 99927, 117:915, 1;15433*1 167.906, 211.100,
280.2640 | 2 | 6.8046 | 5.4550 | 4.44E-02 Linoleamide C18H33NO_| 43435 | Plasma | Positive | 95.086, 133.102, 219.212, 245.227, 263.238
2072413 | 3 | 57240 | 0.5652 | 8.92E:05 |  Linoleic acid C18H3203 | 35632 |Plasma| Positive | 43732 83.083, 9;"30581291”'121' 137.013,
159.1024 | 1 | 0.4834 | 0.7735 | 7.42E-04 Hydroxafi’gtamic C8H1603 2088 | Plasma | Negative |  71.015, 85.027, 92.927, 101.9509, 115.092
258.1103| 0 | 0.4851 | 0.6516 | 3.99E-03 G'ycempirr‘]fph‘)cr“" C8H20NOBP 370 | Plasma| Positive |60.0850, 86.0955, 104.11, 124.99, 166.06, 184.07
371.3165| 2 | 8.7095 | 0.8245 | 2.67E-03 | Prostaglandin G1_| _C20H3406 | 35989 | Plasma| Positive 73.040, 208.973, 267.012, 281.070
436.2822 | 2 | 6.1165 | 0.7604 | 2.08E-02 | PE(P-16:0/0:0) | C21H44NO6P | 46719 | Plasma | Negative 44.420, 142.9978, 223.006, 315.708
4643131 3 | 6.1209 | 0.7342 | 2.31E-02 | _PE(O-18:1/0:0) | C23H48NO6P | 46718 | Plasma | Negative | 325195, 343.965, 405.332, 423.858, 449.773
468.3086 | 0 | 5.2991 | 0.4740 | 5.02E-04 | LysoPC(14:0) | C22H46NO7P | 40278 |Plasma| Positive | 86.102, 104.108, 166.065, 184.0737, 450.321
4803089 | 1 | 59324 | 0.7206 | 314E-03 |  LysoPC(15:0) | C23H4BNOTP | 61691 |Plasma | Negative | 0900 197138 235,304, 269145, 317.0023,
4943240 | 0 | 55117 | 0.6117 | 6.01E-03 | LysoPC(16:1) | C24H48NO7P | 40287 |Plasma| Positive | 60.0815, 86.0971, 104.1076, 184.0740, 258.112
e [ 60.0815, 86.0970, 104.1076, 184.0738, 239.2405,
496.3401 | 0 | 5.9836 | 0.6306 | 1.53E-04 | PC(16:0/0:0) | C24HSONO7P | 182 |Plasma| Positive 258 1104, 313.2751. 330 4574
504.3090 | 1 | 5.6568 | 0.6722 | 6.28E-03 | PE(20:2/0:0) | C25H48NO7P | 77687 | Plasma | Negative 291.072, 365.0661, 463.0309
506.3244 | 1| 6.1156 | 0.7367 | 1.67E-02 | LysoPE(0:0/20:1) | C25H50NO7P | 62270 | Plasma | Negative 113.014, 140.005, 224.069, 242.084
1-
) | 60.0845, 86.0973, 104.1073, 184.0739, 240.1030,
520.3403 1 5.7123 | 0.5731 | 8.97E-04 LmoIeongch?ropho C26H50NO7P 1 Plasma | Positive 258.1016, 322.970, 337.268, 502.3290
sphocholine
5223556 | 0 | 6.1641 | 0.6430 | 3.03E:03 | PC(18:1/0:0) | C26H52NOTP | 184 |Plasma| Positive | 41:914186.095, 123;32'17155'0121' 184.074,
60.081, 86.098, 104.11, 125.001, 166.064,
5243707 | 0 | 6.7599 | 0.5699 | 5.37E-05 | LysoPC (18:0) | C26H54NO7P | 61694 |Plasma| Positive | 184.083, 240.10, 258.111, 285.279, 311.295,
341.308, 447.287, 506.362
528.3081| 2 | 5.6570 | 0.7312 | 1.87E-02 PE(22:4/0:0) | C27H48NO7P | 77680 | P Evs | Negative 44.79, 269.226, 287.25, 315.00
538.3133 | 4 | 54578 | 0.6711 | 2.42E-02 | _PS (19:0/0:0) | C23H41N9O6 | 78855 | Plasma | Negative 253.217, 281.172, 373.994, 478.298
- " 86.094, 104.1002, 146.982, 184.072, 243.782,
5423219 | 4 | 57122 | 0.6160 | 9.62E-04 | PC(20:5/0:0) | C28H48NO7P | 40316 |Plasma| Positive 264140, 337,276, 350,255, 485,255
— - 60.081, 86.096, 104,107, 184.074, 258.107,
5443400 | 0 | 5.6061 | 0.7192 | 2.80E-02 | PC(20:4/0:0) | C28H50NO7P | 40314 |Plasma| Positive 361,270, 240216, 484,247, 536,331
552.3073 | 4 | 5.6397 | 0.7840 | 2.45E-03 | LysoPE(0:0/24:6) | C20H48NO7P | 62313 | P Evs | Negative 309.16, 311.17, 413.07, 431.00
566.3457 | 1 | 6.1145 | 0.7480 | 2.80E-02 | _ PS(21:0/0:0) | C27H54NOSP | 78853 |Plasma | Negative 265.414, 281.249, 327.163, 383.981
568.3262 | 3 | 4.5071 | 0.7957 | 6.30E-04 | PS(10:0/10:0) | C26H50NO10P | 40807 | Plasma| Positive | _57.7046, 86.096, 229.182, 481.294, 551.338
730.5730 | 2 | 9.7840 | 1.2026 | 1.78E-02 | PC(15:0/P-18:1) | CATHBONO7P | 46707 | P Evs | Positive | 88.11, 99.04, 104.10, 184.0751, 207.10, 462.29
7445534 | 1 | 9.9457 | 1.2057 | 295802 | PC(15:1/18:0) | ca1HBONOSP | 75722 |Plasma | Negative | 104559 180-991, 3125%2%% 237.025, 281.251,
765.5764 | 3 | 10.0065 | 0.8542 | 1.34E-03 | PA(P-20:0/22:4) | CA5H8107P | 82325 |Plasma| Positive 116.145, 250.146, 352.198, 361.266
786.5098 | 1| 9.9710 | 1.2012 | 4.9002 PC(18:0/18:2) | C44HB4NOBP | 39360 | P Evs | Positive 88.11, 184.07, 265.20, 325.18, 341.12
8045737 | 2 | 9.9622 | 1.2309 | 1.50E-02 | Ps(16:021:0) | C43HE4NO10P | 77862 |Plasma | Negative | 86122 257-241, 22;‘123;480'313' 504.294,
806.5681 | 1 | 9.7755 | 1.2149 | 5.93E-08 | PC(18:2/20:4) | C46HBONOBP | 39390 | P Evs | Positive 88.11, 184.07, 224.02, 439.86, 623.50
- . 146.986, 184.073, 221.085, 281.051, 355.070,
8326100 | 1 |10.0564 | 1.1302 | 4.71E-02 | PC (18:0/22:6) | Ca8H82NOSP | 60173 | P Ewvs | Negative 505,008, 570,114, 651,518, 715,521
862.5604 | 0 | 9.9658 | 1.1654 | 2.12E-02 | PS(20:2/22:4) | CA8H82NOT0P | 78472 | P Evs | Negative 263.99,309.00, 556.94
166.0868 | 3 | 0.4974 | 0.6612 | 2.68E:04 | Phenylalanine COH11NO2 28 |Plasma| Positive 41.00, 77.03, 91.05, 93.06, 103.01
247.0930 | 2 | 0.4868 | 0.7784 | 1.17E-03 Glu Thr COH16N206 | 23793 | Plasma | Negative | _ 75.010, 88.040, 115.052, 145.093, 159.113
3221881 | 2 | 3.9359 | 0.6835 | 1.03E-02 Arginyl- C15H23N503 | 85631 |Plasma| Positive 65.292, 79.420, 118.914, 127.992
Phenylalanine
3451583 | 4 | 4.1937 | 0.9173 | 4.72E-02 Tip Ala Ala C17H22N404 | 18222 | P Evs | Negatie 187.00, 204.98, 230.86, 258.97, 301.07
3521982 | 0 [ 3.4914 | 0.8144 | 1.42E02 His Pro Val C16H25N504 | 16618 | Plasma | Positive 154.003, 310.997, 334.857
389.1844 | 3 [ 3.9182 | 0.8862 | 3.32E-02 | Gly ProAla Phe | C19H26N40O5 | 148283 | P Evs | Negative 96.02, 100.04,198.99, 373.90
408.2244 | 0 [ 3.9132 | 0.7437 | 2.28E-04 | Phe AsnLys | C19H29N505 | 16043 | Plasma| Positive 77.7849, 133.096, 261.134, 371.7392
414.2702 | 2 [ 8.6413 | 0.8407 | 3.10E-03 | Gly lle Pro Lys | C19H35N505 | 106937 | Plasma| Positive 171.000, 227.172, 285.078
441.2115 | 3 | 4.6528 | 0.7598 | 5.45E-05 | _Phe GIn Phe | C23H28N405 | 16088 | Plasma| Positive | 79.0513, 120.0925, 148.950, 203.037, 231.039
442.3023 | 0| 9.0649 | 0.8000 | 9.68E-05 | Lys Pro Val Val | C21H39N505 | 172636 | Plasma| Positive 55.077, 169.055, 209.111, 396.7895
521.2601 | 2 [ 4.3673 | 0.8790 | 2.17E-02 | His Asn Pro Arg_| C21H34N1006 | 156171 | P Evs | Negative | _ 95.0504, 108.99, 120.0572, 207.14, 224.99
3333424 | 2 | 86839 | 08152 | 202605 | Docosenamide | C22HAINO | 64926 |Plasma | Positie | %057 97005, 114,086, 163142, 303,302,
168.0336 | 5 | 8.6398 | 0.8143 | 3.77E-03 | Quinolinic acid C7H5NO4 330 |Plasma| Positive | _ 78.950, 94.935, 122.020, 132.862, 141.915
4412086 | 2 | 9.0652 | 0.8162 | 3.30E-04 |[UOrO-25-ydrOXy- | ogiagrany | 41965 | Plasma | Positive | 00086 105.067, 123821, 223.917, 235.123,
27-nonitamin D3 261.079
4822614 o | 398 | 068 |4528E-06 N'acety"l‘;:k"t”e”e C25H39NO6S Plasma | Positive | ©0-0828, 85.100, 8?50593’77104'1076' 184.073,
5183224 | 3 | 599 | 067 [6.502E03| PcUe30:0) | cosHasNOTP | 40303 |Plasma| Positive | 26:097 104.107, 1‘?;50;2*7335'250' 415.224,
2-
| 86.0922, 184.0745, 265.1021, 283.122, 339.314 ,
523.3596 7 6.17 0.65 8.689E-03 Oleoylglycerophosp C26H53NO7P Plasma | Positive 437.810, 486.005, 492.388, 504. 334
hocholine
- 117.057, 497.170, 512.189, 543.568, 553.075,
617.1813 | 5 47 05 |[1.119E-02 Heme C34H32FeNAO4 | 3680 | Plasma| Positive | o 0000 T e ot 2
381.1748| 8 [ 7.038 | 1.77 [6.503E:04 | Lys-LysOH C17H26N406 | 65260 | Plasma | Negative | _116.928, 118.930, 127.962, 309.190, 337.182
4253622 | 3 | 828 | 058 |2517E-02 Hexac‘;sc?fd'o'c C26H5004 | 35992 |Plasma | Negative | 223.883, 321.473, 339.018, 363.360, 381.681

Table 3. Confirmed identities identified in plasma and P EVs by MS/MS.
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Figure 5. Heat map showing the metabolites verified by MS/MS in plasma (Panel A) and P Evs
(Panel B) in metabolomic analysis. Individual scale maps for heat intensity are represented for

each matrix.

Additionally, we generated ROC curves for evaluation of biomarker
performance. A panel of 13 metabolites (including ornithine, hydroxyoctanoic
acid, phenylalanine, linoleic acid, docosenamide, Lys-Lys-OH, Phe Asn Lys,
Phe GIn Phe, 26,26,26-trifluoro-25-hydroxy-27-norvitamin D3, Lys Pro Val Val,
LysoPC(14:0), N-acetylleukotriene E4 and PS(10:0/10:0)) for plasma samples
resulted in an AUC of 0.986 (Figure 6 A). The results for P EVs showed lower
efficacy since the best panel with 4 metabolites (His Asn Pro Arg, PE(22:4/0:0),
LysoPE(0:0/24:6), PC(18:2/20:4)) exhibited an AUC of 0.767 (Figure 6 B). This

could be attributed in part to the fact that several metabolites that showed
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dysregulation in the plasma EV fraction were not validated using tandem mass

spectrometry.
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Figure 6. ROC analysis representing the predictive power of a 13-metabolite panel (ornithine,
hydroxyoctanoic acid, phenylalanine, linoleic acid, docosenamide, Lys-Lys-OH, Phe Asn Lys,
Phe GIn Phe, 26,26,26-trifluoro-25-hydroxy-27-norvitamin D3, Lys Pro Val Val, LysoPC(14:0),
N-acetylleukotriene E4 and PS(10:0/10:0)) for plasma samples (Panel A) and a 4-metabolite
panel (His Asn Pro Arg, PE(22:4/0:0), LysoPE(0:0/24:6), PC(18:2/20:4)) for P Evs (Panel B) in
EC.

Regarding all the results, the AUC for plasma samples gave the best sensitivity
and specificity. For each metabolite included in the panel we generated box
plots expressing their concentration (in terms of normalized intensity) for the

control group compared to the EC group (Figure 7).
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Figure 7. Box plots showing the differential concentration (normalized intensity) of 13

metabolites verified in plasma samples in the EC group (T) compared to the controls (N).
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DISCUSSION

Over the last decade many investments have been made to find cancer
biomarkers without much success *°. To overcome this clinical limitation, in this
study we aimed to identify a biomarker panel for EC diagnosis by analyzing the
metabolome of four different human sample types: plasma, P EVs, UA, and UA
EVs. Here we present for the first time a discovery combining four different
human matrices in which we included 36 patients, followed by a verification
phase.

For each matrix, we described a set of features that were differentially
expressed when comparing the tumor group versus the control one. Plasma
and UA EVs gave the largest number of significant metabolites. As shown in
PCA plots, UA EVs showed the biggest separation between the two groups of
study.

Independently of the matrix used, all metabolites entered in a verification phase.
We were able to confirm 77 tumor biomarkers. We observed that plasma, UA
and UA EVs are excellent matrices for the discovery of specific and sensible
biomarkers. The plasma based biomarker study yielded a panel with the highest
specificity and sensibility; we generated a panel of 13 metabolites (ornithine,
hydroxyoctanoic acid, phenylalanine, linoleic acid, docosenamide, Lys-Lys-OH,
Phe Asn Lys, Phe GIn Phe, 26,26,26-trifluoro-25-hydroxy-27-norvitamin D3, Lys
Pro Val Val, LysoPC(14:0), N-acetylleukotriene E4 and PS(10:0/10:0)) that gave
an AUC of 0.986. Moreover, we generated a panel of 7 biomarkers (lactic acid,
sphinganine, Asp Lys Arg, Tyr GIn GIn, PA(22:6/0:0), PI(14:0/22:1) and
PS(20:1/22:4)) with an AUC of 0.933 for UA and a panel of 8 biomarkers (the
Pro Gly Trp Ala, Ala Ala Phe Lys, Tyr Ser Leu Pro, Lyso PE (18:1),
PE(22:6/0:0), Glu Phe Arg Trp and Phe Arg Arg Tyr) with an AUC of 0.936 for
the UA EVs. However, the results were very disparate among matrices. Just
five common features were significantly dysregulated in the four matrices, but
no possible annotation for them was found. Additionally, the metabolites verified
in UA and UA EVs do not align with the ones confirmed in plasma probably
because the expression of some of the biomarkers was lost in circulation
compared to their higher concentration in UA. In UA and UA EVs we validated a

large number of peptides while in plasma and P EVs the metabolites most
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abundant were glycerophospholipids. Plasma EVs showed several markers of
interest, however, many of these were not verified since they could not be
associated to any ID and had little overlap with the metabolites detected and
verified in plasma. Thus, although P EVs remains an untapped resource for low
abundance biomarkers, the findings are difficult to translate for clinical
classification since many of these metabolites are unknown. Thus, presumably
the development of EC diagnostic biomarker panels needs to be initiated and
validated in the same matrices.

Hence, our results show the value of using a high throughput metabolomics
approach for delineating biomarker panels that can be used to diagnose EC in
bodyfluids. These biomarker panels as standalone tests or in conjunction with
existing clinical methods can be used for patient management with high
accuracy. However, the ultimate transition of these biomarker panels for clinical
use will require validation with large and diverse cohorts and prioritization and
updating these panels to achieve higher specificity and sensitivity in order to
minimize false positives. As a future step of our project, we will perform a
validation phase using a targeted multiple reaction monitoring (MRM) approach
that allows for the quantification of known metabolites even when they are
present at a low concentration. For this purpose, plasma is an easier matrix to
use for clinics diagnostics routine. Hence, a new cohort of patients was
recruited for the validation phase and a total of 121 plasma samples will be
analyzed (Table 1). We will use stable isotope labeling and multiple reaction
monitoring (SID-MRM) in order to evaluate the biomarker panel specificity for

EC diagnosis.
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Supplementary figure 1. Concentration (Panel A) and size distribution (Panel B) of
EVs isolated from human biofluids was determined by NTA. Data are representative of

three independent replicates of EVs isolated from a specific EC patient UA sample.
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electrospray negative ionization mode [M-H]-. Comparison to the fragmentation pattern
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Supplementary figure 3. Class distribution of the metabolites found in UA and UA
EVs (Panel A) and plasma and P EVs (Panel B) that were confirmed by MS/MS.
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The following published manuscript comprises the results presented in this

chapter:

Metabolomic and Lipidomic Profiling Identifies the Role of the

RNA Editing Pathway in Endometrial Carcinogenesis

Altadill T, Dowdy TM, Gill K, Reques A, Menon SS, Moiola CP, Lopez-Gil C,
Coll E, Matias-Guiu X, Cabrera S, Garcia A, Reventos J, Byers SW, Gil-Moreno

A*, Cheema AK*, Colas E* (*senior authors)

Scientific Reports

doi: 10.1038/s41598-017-09169-2
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SUMMARY

Background

Endometrial cancer (EC) is the most common malignancy of the female genital
tract in developed countries, and both its incidence and mortality are increasing
in the last years. Extensive research performed using high-throughput
technologies including genomics, transcriptomics and proteomics has increased
our knowledge associated with human endometrium and the onset and

progression of EC. However, the metabolomic study of EC is still a significant

gap.
Objective

The overall goal of this study was to discover novel metabolic pathways altered

in EC carcinogenesis and progression.
Methods

For the discovery phase of the study, we used a high-resolution mass
spectrometry based molecular phenotyping approach to characterize the
metabolomics profile of 39 human EC and 17 healthy endometrial tissue
samples. A set of identified metabolites was verified by MS/MS. Moreover, an
independent cohort of 183 human EC tissues and matched controls was
analyzed by immunohistochemistry (IHQ) in order to validate the results. Finally,
in vitro studies were performed in 3 EC cell lines (HEC-1A, RL95-2 and

Ishikawa) to confirm the metabolic pathway alterations in EC.
Results

We observed a dysregulation of several interesting metabolic pathways such as
the kynurenine pathway, the endocannabinoids signaling pathway, the lipid
metabolism, and the RNA editing pathway. The dysregulation of the RNA
editing pathway was further investigated and confirmed by IHQ. We found that
ADAR1 and ADAR2 were overexpressed in EC in a manner that correlates with
the tumor histological type and grade. Furthermore, silencing of ADAR2 in 3 EC
cell lines resulted in a decreased proliferation rate, increased apoptosis and

reduced migration capabilities in vitro. Taken together, our results suggested
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that ADAR2 functions as an oncogene in endometrial carcinogenesis and could

be a potential target for improving EC treatment strategies.
Conclusions

In this study, we contribute with three major findings that are expected to
improve the comprehension of endometrial carcinogenesis: i) we elucidated the
metabolomic and lipidomic profile of EC tissues by using ultra-performance
liquid chromatography mass spectrometry (UP-LC-MS), and ii) we described
metabolomic alterations that are related to cancer progression. Among all the
identified alterations, iii) we profoundly characterized the role of a novel
metabolic pathway altered in EC, the adenosine to inosine (A-to-l) editing

pathway.

In conclusion, we believe that the methodology presented here will provide an
impetus to the growing field of EC research to delineate new targets that can be

used for individualized treatment of the patients.
Novel aspects

There are few papers analyzing the alterations in the lipidome and metabolome
of EC subjects. Here in, we present a novel metabolic pathway altered in EC,
the adenosine to inosine (A-to-l) editing pathway. For the first time, we describe
that ADAR2, a main enzyme of the pathway, functions as an oncogene in
endometrial carcinogenesis and could be a potential target for improving EC

treatment strategies.
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Endometrial cancer (EC) remains the most common malignancy of the genital tract among women in

. developed countries. Although much research has been performed at genomic, transcriptomic and
proteomic level, there is still a significant gap in the metabolomic studies of EC. In order to gain insights
! into altered metabolic pathways in the onset and progression of EC carcinogenesis, we used high

! resolution mass spectrometry to characterize the metabolomic and lipidomic profile of 39 human EC

. and 17 healthy endometrial tissue samples. Several pathways including lipids, Kynurenine pathway,
endocannabinoids signaling pathway and the RNA editing pathway were found to be dysregulated in
EC.The dysregulation of the RNA editing pathway was further investigated in an independent set of
183 human EC tissues and matched controls, using orthogonal approaches. We found that ADAR2 is

. overexpressed in EC and that the increase in expression positively correlates with the aggressiveness of
. the tumor. Furthermore, silencing of ADAR?2 in three EC cell lines resulted in a decreased proliferation

. rate, increased apoptosis, and reduced migration capabilities in vitro. Taken together, our results

\ suggest that ADAR2 functions as an oncogene in endometrial carcinogenesis and could be a potential
target for improving EC treatment strategies.
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Endometrial cancer (EC) accounts for 7% of the new cases of female cancers in United States in 2017 and its inci-
dence is increasing” 2. The most standardized classification divides EC in two different subtypes: type I or endo-
. metrioid carcinomas (EEC), which is the most frequent subtype; and type II or non-endometrioid carcinomas
(NEEC), which are more aggressive tumors. Among NEEC subtypes, serous is the most prominent histology™*.
. Moreover, EC tumors are classified according to the extent of tumor dissemination (International Federation
. of Gynecology and Obstetrics or FIGO staging) and histological grade'. About 20% of patients are diagnosed at
. an advanced stage and/or at a high histological tumor grade and have a low 5-year survival rate associated> . As
:such, availability of biomarkers for disease stratification and a thorough understanding of biochemical perturba-
tions that underscore EC progression are likely to improve clinical outcomes.

: Extensive research performed using high-throughput technologies including genomics, transcriptomics and
proteomics has augmented characterization of molecular changes at different levels of cellular expression that are
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Diagnosi Number of sampl FIGO stage | Type I/Il | Pre/Postmenopausal | Phase

Control tissue 17 Post Discovery and verification
10 1A 1 Post Discovery and verification
9 1B 1 Post Discovery and verification

EC tissue
10 1I 1 Post Discovery and verification
10 Jiis 1 Post Discovery and verification

Table 1. Clinical and histopathological information of the patients included in this study.

specifically associated with human endometrium’ and onset and progression of EC*°. Metabolomics defines the
end point of cellular processes and hence provides a readout of current physiological status of the system'’. Thus,
metabolomics, lipidomics and glycomics have emerged as promising tools for clinical and translational research'’.
Rapid advancement of metabolomics technologies such as ultra-performance liquid chromatography mass
spectrometry (UPLC-MS), enable comprehensive interrogation of the human metabolome and lipidome!*-**.
Bioinformatics analyses of these data is likely to augment the discovery of new clinical and pharmacological
targets'®.

It is known that changes at the transcriptomic levels generate a new source of complexity that promotes ini-
tiation and progression of cancer and other diseases'’~'°. The most common RNA editing events are mediated
post-transcriptionally by the Adenosine deaminases acting on RNA (ADAR) family of enzymes®. The ADAR
gene family catalyzes the deamination of adenosine that is converted to an inosine creating a dysregulation of the
adenosine/inosine (A/I) ratio in the cell. Adenosine to inosine (A-to-I) editing can lead to amino acid recoding
events®! since inosine is recognized as a guanosine. This family includes three enzymes, ADAR1 (UniProtKB
P55265), ADAR2 (UniProtKB P78563) and ADAR3 (UniProtKB QINS39); also known as ADAR, ADARBI and
ADARB?2, respectively??. ADAR1 and ADAR?2 are ubiquitously expressed and, differently that the brain specific
ADARS3, they show catalytic activity*.

The overall goal of this study was to identify altered metabolic pathways in EC. Characterization of the metab-
olome and lipidome of EC tumors was performed using a high resolution mass spectrometry approach in con-
junction with UPLC-MS. Pathway validation was performed with an independent set of samples that for the first
time, yielded insights into dysregulation of the RNA editing pathway in endometrial tumors. Alterations of the
RNA editing pathway correlated with high histological grade and EC serous subtypes that are indicators of poor
prognosis in EC. Finally, the expression of ADAR editing enzymes was modulated in vitro to confirm an impor-
tant oncogenic role of this pathway in EC cell proliferation, apoptosis and migration. These results are instructive
of the role of this pathway in EC tumor progression.

Results

Untargeted metabolomics profiling of EC human tissue samples.  To better understand alterations
in metabolic pathways occurring in EC, we performed metabolomics/lipidomics untargeted discovery using
UPLC-ESI-TOF-MS of tumor and non-tumoral tissue samples. The sample set included a total of 56 samples: 39
EEC tumors from different FIGO stages, including 10 stages IA, 9 stages IB, 10 stages II and 10 stages III; and 17
benign endometrial tissues (see patient details in Table 1). All patients included in the study were postmenopausal
women and did not receive any treatment before surgery. Pre-processing of TOFMS data yielded a total of 8,146
features in the positive and 7,558 in the negative electrospray ionization mode, respectively.

In order to define a generic metabolomic profile of EC, initially, we combined all tumor samples from EEC
patients in one group (n =39) and compared them against matched control tissues (n = 17). Inherent differences
in metabolomic profiles were visualized using descriptive Principal Component Analysis (PCA) plot that showed
clear separation between tumors and controls (Fig. 1A). Subsequently, t-statistics was used to select 80 metabo-
lites that showed significant variation (adjusted p-value < 0.05) between the two study groups and fold change
(FC) values over 2 and below 0.5 (Supplementary Table 1). We confirmed the putative identity of a subset of 42
metabolites using tandem mass spectrometry (MS/MS) (Table 2). An example of the fragmentation pattern of
two verified metabolites is shown in Supplementary Figures 1 and 2. We found a significant dysregulation in the
lipid metabolism, with an important number of glycerophosphocholines (PCs), phosphatidylserine (PSs), phos-
phatidylethanolamines (PEs), phosphatidylinositols (PIs), and phosphatidylglycerol (PGs) that were upregulated
in the endometrial tumor tissue (detailed in Table 2) including PC (14:0/18:2), PC (16:0/20:4), PC (16:0/20:5),
PC (16:0/22:6), PC (18:0/20:2), PC (18:1/14:0), and PC (18:1/22:6). Moreover, a total of 9 PEs (PE (16:0/22:6), PE
(16:1/P-18:1), PE (18:0/0:0), PE (18:0/18:3), PE (18:1/22:6), PE (18:1/16:0), PE (18:1/18:1), PE (18:4/P-18:1) and
PE (P-16:0/0:0)) and 4 PIs (PI (14:0/22:1), PI (16:0/18:1), PI (16:0/22:3) and PI (18:1/18:1)) showed significant
changes in the relative abundance in EC tumors as compared to the matched controls. Metabolites such as linoleic
acid, 3-Deoxyvitamin D3, UDP-N-acetyl-D-galactosamine and 1-Palmitoyl-2-linoleoyl PE were observed to be
also upregulated whereas peptide Glu Phe Arg Trp, some amides (palmic amide, stearamide and oleamide), PA
(18:0/18:1), PE (20:1/22:6), PE (22:6/P-18:1), PG (19:0/22:4) and other important metabolites such inosine and
picolinic acid showed lower abundance in the tumor tissue.

Few studies have used high-throughput approaches to study the changes in metabolomic and lipidomic pro-
files that underscore EC progression. Hence, in order to understand the metabolic phenotype associated with EC
development, we interrogated profile differences in 29 tumor tissues restricted to the uterine cavity (FIGO stages
and II) compared to 10 tumors showing lymph node dissemination (FIGO stage III). We found a set of features to
be significantly dysregulated (adjusted p-value < 0.05) among the different FIGO stages (Supplementary Table 2).
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Figure 1. Multivariate analysis showing metabolic profiles in EC. Principal Component Analysis (PCA) plots
showing separation between EC tissue samples (T, in green) and control tissue samples (N, in red) (Panel A) and
separation between different EC FIGO stages (stage 1: T1, stage 2: T1I, stage 3: TIII) (Panel B) for the positive
MS ionization mode. X-axis shows interclass separation and Y-axis illustrates the intra-class variability. Panel C.
Heat map of ion rankings, corresponding to their relative concentrations (intensity) for positive MS ionization
mode, in the same cohort of subjects. Each row represents a unique feature with a specific m/z and RT while
each column represents a unique subject. (m/z: mass to charge ratio; RT: retention time).

The PCA plots showing the segregation of the groups and the heat map showing the expression of several features
in normal endometrium and in different FIGO stages of the tumor are represented in Fig. 1B and C. A subset of
seven metabolites was verified by MS/MS (Table 3). The dysregulation observed in lipids (two PCs and three PEs)
in tumor tissues compared to controls was significant along tumor progression. Additionally, we observed that
arachidonic acid and UDP-N-acetyl-D-galactosamine are important contributors in the tumor progression, as
they appeared to be upregulated in advanced compared to early FIGO stages (Supplementary Figure 3).

Increased expression of ADAR family of enzymes in human EC tumors. Among the metabolites
identified in EC tissues, we were particularly interested in the dysregulation of nucleoside inosine since the rela-
tive abundance of this metabolite was significantly higher in EC tumors. To our knowledge, the underlying impact
of alterations of endogenous levels of inosine has never been investigated in EC. Dysregulated levels of adeno-
sine and inosine (A/I ratio) can be attributed to the modulation of the A-to-I editing pathway**. Consequently,
we studied the status of this pathway in EC by analyzing the expression level of members of the A-to-I editing
enzymes family (ADAR1 and ADAR2) in three independent sets of samples by immunohistochemistry (IHQ)
(Table 4). The first set included the evaluation of 20 EEC samples and their corresponding paired healthy tissues;
the second set included 36 EEC tumors diagnosed at different histological grades (low grade, n = 12; intermediate
grade, n = 13; high grade, n= 11); and the third set allowed to differentiate between histological subtypes, and so,
78 EEC and 29 NEEC tissue samples were included.

Although ADAR1 and ADAR? staining was clearly localized in the nucleus of epithelial, stromal, and
endothelial cells, we specifically analyzed the staining of the epithelial tumor cells (Fig. 2B,D,F and Supplementary
Figure 4B). Interestingly, no staining was observed in cells undergoing mitosis (Supplementary Figure 4A). Our
results demonstrated that ADARI and ADAR2 were both significantly increased in tumor samples compared to
healthy endometrial tissue (Fig. 2A), confirming that the RNA editing pathway is activated in EC carcinogenesis.
ROC analysis for ADAR1 and ADAR2 expression yielded an AUC of 0.79 and 0.90 respectively, emphasizing the
differences observed between control and EC samples (Supplementary Figure 5). Moreover, ADAR expression
increased progressively with the presence of poor prognostic factors, such as tumors presenting high grade or a
NEEC histology (Fig. 2C and E). These data suggested for the first time an activation of the RNA editing pathway
in patients with EC, which positively correlates with aggressive disease, resulting in a dysregulation of the nucle-
osides/nucleotides balance in the tumor tissue.

Inhibition of ADAR2 reduces viability, increases apoptosis and reduces migration capabilities
in human EC cell lines.  Next, in order to determine the possible role of the RNA editing pathway in EC
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152.99,223.00,
PI(18:1/18:1) 8615505 |0 97810 |1 727961 | LOOE-07 |3.07E-07 |0.9237 | C45HS3013P Negative | 24100, 579.30,
597.29
) 78.96, 152.99,
PI(14:0/22:1) 863.5645 | 1 98451 |1 60.5400 | 8.37E-08 |2.88E-07 | 09161 | C45HS5013P Negative | 2596
) 78.95, 152.99,
PI(16:0/22:3) 887.5644 | 1 83686 |1 569735 | 6.90E-13 | 9.89E-12 | 0.7633 | C47HS5013P Negative | 2595 13299,
Inosine 267.07301 | 1 04075 || 0.1724 | 2.68E-03 |3.11E-03 |0.7984 | CIOHI2N4O5 Negative | 52507 10802
Continued
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158.154,
144.1381,
116.1068,
102.0914,
88.0753,
74.0598, 57.06

265.25,247.242,
Oleamide 282.2804 |4 1.6536 1 0.9586 7.55E-09 | 3.61E-08 | 0.8403 | C18H35NO Positive 135.117,97.102,
83.0853, 69.07

228.23,200.20,
186.18,172.17,
Stearamide 284.2957 |3 221027 || 0.8763 1.03E-14 | 4.43E-13 | 0.8648 | CI8H37NO Positive 144.13,116.10,
102.09, 88.07,
74.06

321.3156,
303.3065,
13Z-Docosenamide 338.3427 |2 8.8864 || 0.1942 1.94E-10 | 1.39E-09 | 0.8726 | C22H43NO Positive 149.1326,
135.117,97.10,
83.08, 69.07

287.26,233.22,
215.18,161.13,
3-Deoxyvitamin D3 369.3527 |3 12.7020 | T 14.4965 1.54E-06 | 3.90E-06 | 0.8619 | C27H44 Positive 147.11,133.10,
109.10, 81.06,
67.05

478.32,184.07,
166.06, 125.00,
104.10, 86.09,
60.08

83.05, 147.11,
163.01, 239.04,
Glu Phe Arg Trp 637.3067 |3 1.2381 1 0.2823 7.91E-06 | 1.48E-05 | 0.866 | C31H40N8O7 Positive 337.02,393.07,
469.12,525.17,
581.23

184.07,242.11,
285.24

86.09, 184.07,
549.48

88.11, 184.07,
255.21,393.24

86,09, 184.0,
125.00, 258.10,
313.27,
PC(16:0/20:4) 782.5708 |1 6.7811 ) 6.6011 1.17E-02 | 1.23E-02 | 0.6482 | C44H80NOSP Positive 419.2485,
478.3295,
496.34,526.32,
599.5016

184.07,267.21,
PC(16:0/22:6) 806.5709 |1 7.2133 T 284.1474 | 1.52E-03 | 1.92E-03 | 0.7885 | C46H80NOSP Positive 478.32,550.32,
623.50

184.07,263.27,
341.30, 508.37

184.07, 522,35,
568,33

Palmitic amide 256.2643 |3 1.5642 || 0.1359 4.10E-13 | 8.82E-12 | 0.8695 | C16H33NO Positive

PC(16:0/0:0) 496.3409 |2 5.6375 T 91.6590 1.93E-02 | 1.98E-02 | 0.7051 | C24H50NO7P Positive

PC(14:0/18:2) 730.5416 |4 8.9420 i) 286.1312 | 9.26E-10 | 5.69E-09 |0.9312 | C40H76NOSP Positive

PC(18:1/14:0) 7325552 |1 7.6818 T 4.9261 2.68E-12 | 2.53E-11 |0.8275 | C40H78NO8P Positive

(/2]
i
-
=
[72)
LU
14

PC(16:0/20:5) 780.5545 |0 8.8476 T 40.7199 6.95E-08 | 2.72E-07 |0.9161 | C44H78NO8P Positive

PC(18:0/20:2) 814.6337 |2 9.9895 |1 10.9063 3.56E-04 | 5.10E-04 | 0.7925 | C46H88NOSP Positive

PC(18:1/22:6) 832.5861 |1 9.8159 i) 9.9810 8.71E-08 | 2.88E-07 | 0.8922 | C48H82NOSP Positive

Table 2. Potential biomarkers confirmed by MS/MS. The table lists metabolites that showed significant change
in the relative abundance in EC tissues compared to controls. (m/z = mass/charge; ppm = parts per million;
RT = retention time; p-v = p-value; FC = fold change; FDR = false discovery rate; AUC = area under the curve).

progression, we transiently silenced the expression of the ADAR1 and ADAR2 enzymes in three EC cell lines
(HEC-1A, Ishikawa and RL95-2). Transfection efficiency was determined by comparing each transfection against
the corresponding negative control (NC) (Supplementary Figure 6). Gene silencing for both enzymes was con-
firmed by western blot analysis (WB) and immunofluorescence (IF) after 96 h of transfection (Supplementary
Figure 7), time point in which the modulation of cell growth and cell viability in EC cell lines was assessed.
The inhibition of ADAR2, but not ADARI, resulted in a significant reduction of cell viability and proliferation
compared to controls in the three cell lines used in this study (Fig. 3A). Furthermore, the ratio of apoptotic cells
significantly increased in the three cell lines upon silencing of ADAR2. Similarly, proliferation assay performed
using cells treated with siRNA-ADARI, did not result in significant changes in apoptosis (Fig. 3B). Finally, the
migration capabilities of the EC cell lines were interrogated after inhibiting ADAR1 and ADAR?2 in a wound heal-
ing assay. Knockdown of ADAR?2 expression resulted in significant reduction of the migration rate in HEC-1A
and RL95-2 cell lines. Remarkably, similar changes were not observed when the same cell lines were treated with
siRNA-ADARI (Fig. 3C).
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Arachidonic Acid

303.2325 |1 6.8246 | | 0.1402 | 6.24E-03 | 8.74E-03 | 0.778 | C20H3202 Negative C18_BEH | 216.99,

259.25,

205.19

PC(16:0/20:5)

780.5545 |0 8.8476 | | 0.3311 3.13E-03 | 5.48E-03 |0.750 | C44H78NOS8P Positive C18_BEH

88.11,

184.07,
255.21,
393.24

PC(16:0/22:6)

806.5709 |1 9.0460 | T 3.0814 | 7.86E-04 |5.48E-03 | 0.807 | C46H80NOSP Positive C18_BEH | 478.32,

184.07,
267.21,

550.32,
623.50

PE(16:0/22:6)

762.5106 |3 9.0937 | 1 2.0349 | 8.36E-03 |9.75E-03 |0.752 | C43H74NOSP Negative C18_BEH | 283.24,

140.01,
255.23,

327.23,
452.27

PE(18:1/22:6)

788.5258 |2 9.1145 | T 152799 | 2.2E-02 2.20E-02 | 0.676 | C45H76NO8P Negative

78.95

140.01,
152.99,
281.24,
283.26,
327.23,
460.26,
478.29,
506.26

CSH and
C18_BEH

PE(22:6/P-18:1)

772.5278 |1 9.3001 | | 0.4065 1.86E-03 | 5.48E-03 | 0.800 | C45H76NO7P Negative

140.01,
283.24,
327.23,
444.28,
462.29

CSH and
C18_BEH

UDP-N-acetyl-D-galactosamine

606.0739 |0 0.5454 | | 0.3765 2.97E-02 |5.48E-03 |0.688 | C17H27N3017P2 | Negative C18_BEH

111.0222,
158.92,
176.93,
282.04,
362.00,
385.00

Table 3. Potential biomarkers confirmed using tandem mass spectrometry. List of metabolites that showed
significant alterations in early vs late stages of EC. (1/z = mass/charge; ppm = parts per million; RT = retention
time; p-v = p-value; FC =fold change; FDR = false discovery rate; AUC = area under the curve).

In order to further confirm the functional role of ADAR?2 in EC cell lines, we also conducted functional assays
silencing ADAR?2 expression with two new and different siRNAs (siRNA-ADAR2_B and siRNA-ADAR2_C),
independent from the siRNA-ADAR2 used in Fig. 3. We corroborate a significant decrease of cell viability, a sig-
nificant increase in apoptosis rate and a significant decrease of wound healing rate of the 3 EC cell lines induced
by the silencing of ADAR?2 expression (Supplementary Figure 8). These results clearly demonstrate that changes
in the expression of ADAR?2 leads to significant changes in the aggressive behavior of EC cell lines, specifically on
cell viability and apoptosis, and cell migration capabilities of EC cell lines.

Discussion
Recently, few studies have reported alterations in the metabolomic or proteomic phenotype of EC in serum?,
urine® or in other sample types?” 2%, underscoring the clinical translational relevance of these technologies in
furthering the personalized medicine initiative. In this study, we used a global metabolomics profiling approach
in order to understand the metabolic changes that take place in EC carcinogenesis and during tumor progression
(Fig. 4).

gOur study reveals an array of metabolites dysregulated in EC, some of which have been previously described
in endometrial carcinogenesis. Glycerophospholipid class of metabolites was found to be upregulated in tumor
tissues, including PCs, PEs, and Pls. Lipid biosynthesis and catabolism is known to be altered in several diseases,
including cancer-*2 Consistent with our findings, Trousil et al.?® also observed an increase (up to 70%) in PC
levels in EC tissues. We also observed a downregulation of the acylamido analogs of endocannabinoids such
as palmitamide, stearamide and oleamide in EC. This downregulation has been previously reported®. We also
observed a decreased proportion of picolinic acid in tumor samples. Picolinic acid and quinolinic acid are the
end products of the Kynurenine pathway and have been shown to have anti-tumoral and pro-tumoral activity
respectively®'. Moreover, the activity of one of the main enzymes of the pathway, indoleamine 2,3-dioxygenase
(IDO) has also been studied in EC*. Decreased levels of Glu Phe Arg Trp and inosine as well as upregulation
of 3-Deoxyvitamin D3 and UDP-N-acetyl-D-galactosamine were also found in our EC tumor sample set com-
pared to control tissues. We also analyzed metabolomic changes that underscore tumor progression. Our data
suggest significant changes in the lipidome including PC (16:0/20:5), PC (16:0/22:6), PE (16:0/22:6), PE (22:6/P-
18:1) and PE (18:1/22:6) at different stages of cancer progression, as well as a significant increase in the levels of
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>50 20 — 20 36 — — 78 29 —
Age

<50 — — — —_ — — — — —

VHUH 20 — 20 7 — — 78 29 —

Lleida — — — 13 — — — —_ _
Collection center Santiago — — — 6 — — — — —

Virgen Rocio — — — 8 — — — — —

MD Anderson — — — 2 — — — — _

X . Pre-menopausal | — — — — — — — — —
Uterine condition

Post-menopausal | 20 — 20 36 — — 78 29 —
1A 10 — — 13 — — 17 7 —
1B 6 — — 10 — — 31 5 —

FIGO stage I 2 — — 5 — — 20 4 —
111 2 — — 8 — — 7 11 —
v — — — — — — 3 2 —
Gl 4 — — 12 . — 13

Histologic grade G2 7 — — 13 — — 33
G3 9 — — 11 — — 32 27

Format TMA — — — 36 — — 78 29 —
Individual slide | 20 — 20 — — — — — —

UDP-N-acetyl-D-galactosamine and arachidonic acid at advanced stages of EC. Further studies would be needed
to fully understand the scope and impact of these alterations in cancer progression.

The dysregulation of inosine was further studied to dissect the functional implications of the RNA editing
pathway in EC. The dysregulation of inosine is indicative of a possible imbalance in the I/A ratio, which was also
reported by Trousil e al.?® in studies with EC tissue compared to normal endometrium. The A-to-I conversion is
the most common type of RNA editing found in mammals mediated by the ADAR enzymes. Although, to date,
the RNA editing pathway and the expression and function of the ADAR gene family has not been interrogated
in EC, it has been reported that the expression of ADAR enzymes is upregulated in many cancers'® %, including
breast'” and esophageal squamous cell carcinoma®®*’. The ADAR family is comprised of three members: ADAR1
and ADAR?Y, that are present in most human tissues; and ADARS3, that is brain specific. Changes in editing fre-
quencies have been described in other diseases including prostate, lung, kidney and testis tumors while reduced
RNA levels of ADARI, ADAR2 and ADAR3 have been observed in brain tumors® *. ADAR enzymes are also
involved in physiological events such neuronal development, immune response, cell response to viruses and reg-
ulation of miRNA expression among others*®*!.

Hence, we asked if the expression of ADAR enzymes had any correlation with EC initiation and progression.
Our findings not only elucidate ADARI and ADAR2 enzymes to be significantly upregulated in EC tumor tissues
compared to healthy endometrium, but also demonstrate a significant correlation between ADARs expression
and the malignancy of the tumor. We found that the ADARs expression increased progressively with tumor grade.
More importantly, our data showed a significant increase in the expression of ADARI1 and ADAR?2 in the most
aggressive subtype of EC, the NEEC, that have the worst predicted survival®.

The role of the RNA editing pathway in EC was further investigated by knocking-down the expression of
ADARI and ADAR2 in HEC-1A, RL95-2 and Ishikawa EC lines. Our results demonstrate the impact of decreased
ADAR? expression on an array of cellular functions in EC cell lines including a significant decrease of cell prolif-
eration and viability, increased apoptosis rate, and reduced migration capabilities in vitro. Similar to our obser-
vations, silencing of ADARs in breast cancer cell lines led to less cell proliferation and more apoptosis'” and
overexpression of editing enzymes accelerated growth rate and colony formation in esophageal squamous cell
carcinoma in vitro*. Taken together, our results strongly suggest, for the first time, that the RNA editing gene
family, specifically ADAR2, may play an important role promoting EC carcinogenesis.

In conclusion, a global molecular profiling approach using high resolution mass spectrometry has been use-
ful, not only to describe changes in the metabolome and lipidome in human endometrial carcinogenesis and
EC progression but also led to the discovery of an important alteration of the RNA editing pathway in EC. We
further demonstrated the role of this pathway in proliferation and viability, apoptosis, and migration of EC cells,
leading us to conclude that the activation of the RNA editing pathway is an oncogenic process in EC. This study
opens several avenues for further investigations of ADAR2 as possible target for the development of therapeutic
approaches for the treatment of EC patients.

Methods
Patients and tissue collection.  Discovery and verification phase. A total of 56 women (39 diagnosed with
EC and 17 non-EC patients) were recruited at Vall Hebron University Hospital (VHUH) in Barcelona, Spain. All
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Figure 2. ADARI and ADAR2 proteins are overexpressed in EC. Panel A. ADARI and ADAR2 expression in
EC tumors (T) compared to the paired control (C) tissues. Relative protein expression of each enzyme is plotted
in the bar graphs. Panel B. Example of ADAR1 and ADAR2 staining levels in a matched EC tissue with the
corresponding paired control. Panel C. ADAR1 and ADAR2 expression in EC tissues significantly correlate with
the tumor grade. Panel D. Example of ADARI and ADAR?2 staining levels in a set of 3 different EC tumor grades
slides (grade 1, 2 and 3). Panel E. ADAR1 and ADAR? levels are significantly increased in NEEC compared to
EEC tumors. Panel F. Example of ADARs staining in EEC and NEEC tumors.

patients participating signed an informed consent and the study was approved by the Clinical Research Ethics
Committee (CREC) at the VHUH (approval number: PR_AMI_50-2012). Endometrial tissues were collected at
the histopathology department of VHUH after the surgical intervention. Each tissue piece (about 5 to 10 mg) was
placed in a sterile and separate container, properly labeled and stored at —80°C immediately. A description of the
clinical and pathological characteristics of the tumors is detailed in Table 1. Inclusion criteria: post-menopausal
women, > 50 years, no previous treatment for pelvic gynecological cancer, negative for HIV and hepatitis viruses.

Validation phase.  Patients split in 3 new cohorts were enrolled in VHUH or in University Hospital Arnau de
Vilanova of Lleida following the approval of the CREC at each participating institution. Tissue samples were
embedded in paraffin block for individual slides or tissue microarray (TMA) construction in VHUH. A descrip-
tion of the clinical and pathological characteristics of the tissues is detailed in Table 4.

Tissue metabolomics using Ultra Performance Liquid Chromatography coupled to Quadrupole
Time-Of-Flight Mass Spectrometry (UPLC-QTOF-MS).  Reagents and chemicals: Solvents using chlo-
roform, ACN, water and methanol were purchased from Fisher Optima grade, Fisher Scientific (New Jersey,
USA). High purity formic acid (99%) was purchased from Thermo-Scientific (Rockford, IL, USA). Ammonium
formate, debrisoquine and 4-nitrobenzoic acid (4-NBA) were purchased from Sigma- Aldrich (St. Louis, MO,
USA).

For metabolomics analysis, endometrial tissue samples were prepared following the procedure previously
described.* Fresh frozen tissue sections were homogenized on ice using a buffer containing 50% methanol and
internal standards (1 mg/ml debrisoquine in distilled water, 1 mg/ml of 4-nitrobenzoic acid in methanol, 10 ug/
ml of phosphatidic acid in 50% methanol-water, 0.1 pg/ml of lysophosphatidylcholine in 50% methanol-water).
Protein precipitation was done by adding a 1:1 ratio of acetonitrile (ACN). Samples were centrifuged, the super-
natant (Supernatant 1) was transferred to a fresh vial and dried under vacuum and the pellet was resuspended in
prechilled dichloromethane:methanol (3:1). After sonication and centrifugation, the supernatant (Supernatant 2)
was transferred to a fresh vial and dried under vacuum and the pellet was kept for protein estimation. Supernatant
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Figure 3. Functional assays revealing that ADAR2 presents oncogenic functions in vitro. HEC-1A, Ishikawa
and RL95-2 EC cell lines were used for the functional assays. Panel A. Proliferation assay showing a significant
decrease in cell viability (OD 590 nm) in the 3 cell lines when inhibiting ADAR?2 expression. Panel B. Apoptosis
assay showing a significant increase in apoptosis rate when silencing ADAR?2. Panel C. Wound healing assay
indicating a significant decrease in HEC-1A and RL95-2 migration capabilities (% of wound healing) when
treating cells with siRNA-ADAR2. No significant changes were seen when inhibiting ADARI.
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1 and Supernatant 2 were finally resuspended in a buffer containing methanol: ACN:water in a ratio 50:25:25 for
LC-MS analysis. The extraction procedure (from aqueous to semi-polar and lastly non-polar solvent) allows the
isolation of a wide range of metabolites. In parallel, the pellet was resuspended with RIPA buffer and centrifuged
in order to quantify the protein amount using Bradford method*. Resuspended pellets (5 ul) were injected onto
Acquity UPLC CSH 1.7 pm, 2.1 X 100 mm column (Waters Corp.) or in a BEH C18 1.3 um, 2.1 X 50 mm column.
The mobile phase gradient consisted of ACN/water (60/40) containing 10 mM ammonium formate and 0.1%
formic acid (Solvent A) and IPA/ACN (90/10) containing 10 mM ammonium formate and 0.1% formic acid
(Solvent B). UPLC separation was performed at a flow rate of 0.4 ml/min for 20 min. Two different gradients were
used in order to analyze the lipidome or the metabolome of the sample. MS data acquisition was performed using
ESI-QTOF MS within the mass range of 50 to 1200 mass-to-charge ratio (mm/z) in positive and negative electro-
spray ionization modes on a SYNAPT G2 Si (Waters Corporation, USA). The capillary voltage used was 3.2kV
and a sampling cone voltage of 30 V in negative mode and 20 V in positive mode. The desolvation gas flow was set
to 7501/h, and the temperature was set to 350 °C. The cone gas flow was 251/h, and the source temperature was
120°C. Accurate mass was maintained by infusion of LockSpray interface with Leucine Enkaphalin (556.2771
[M+H]" and 554.2615 [M — H] ). Data were acquired in TOF MS centroid mode and also in continuum mode
for the mass range of 50 to 1200 mass-to-charge ratio (mm/z) with MS scanning at a rate of 0.3 seconds. Total
protein concentration for each sample was used to normalize any inconsistencies that would arise during tissue
sampling. Subsequently, these data were normalized to internal standard to correct for analytical inconsistencies
that could potentially occur during MS batch acquisition.

MS data were pre-processed using the XCMS software**. In order to determinate the identification of the
metabolites based on the mass and charge, the following databases were used: Human Metabolome Database
(www.hmdb.ca), Madison Metabolomics Consortium Database (mmcd.nmrfam.wisc.edu), LIPID MAPS (www.
lipidmaps.org), KEGG (www.kegg.jp/kegg), and Metlin (metlin.scripps.edu). Multivariate data analysis was per-
formed using Metaboanalyst 3.0 web tool*>*® and a sub-set of metabolites were verified by tandem mass spec-
trometry (MS/MS) and using Mass Fragments software (Waters Corp.).
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Figure 4. Project workflow summary.

Immunohistochemistry. A total of three TMAs were constructed as described previously*’.
Paraffin-embedded TMA or individual sections of the samples were mounted on slides, deparaffined and rehy-
drateted. Antigen retrieval was done during 4 min at 115 °C (pH 6) and subsequently blocked with peroxidase
(3%) for 5min and incubated with the primary antibody for 1 h and 30 min at room temperature in a humidified
chamber. After blocking for 30 min with EnVision secondary antibody (Ref. K5007-100 ml, Agilent; Santa Clara,
CA, USA) slides were treated with DAB (Ref. K3468, Agilent; Santa Clara, CA, USA) reagent and counterstained
with hematoxylin for 30 sec. Finally, a dehytratation step and DPX mounting were performed. Pictures were taken
using the Olympus BX41 microscope (20X). The following antibodies were tested: ADAR1 (Ref. AMAb90535,
dilution 1:100, Sigma-Aldrich; St. Louis, MO, USA) and ADAR2 (Ref. sc-73409, dilution 1:50, Santa Cruz;
Heidelberg, Germany, EU). A pathologist evaluated the expression using two criteria: the intensity of staining
(0, no staining; 1, weak intensity; 2, moderate intensity; 3, high intensity) and the percentage of endometrial epi-
thelial stained cells (0-100). The product of the two scores yielded final values on a sacale ranging from 0 to 300.

Cell lines. The following EC epithelial cell lines were used in this study. HEC-1A (Ref. HTB112, ATCC;
Manassas, VA, USA) cell line was cultured in McCoys 5 A medium (Ref. 80014020, ThermoFisher; Waltham,
MA, USA); Ishikawa (Ref. 99040201, Sigma-Aldrich; St. Louis, MO, USA) and RL95-2 (CRL-1671, ATCC;
Manassas, VA, USA) were cultured in DMEM/F12 (Ref. 11320-033, ThermoFisher; Waltham, MA, USA). Both
supplemented with penicillin/streptomycin (1%) and fetal bovine serum (10%). Incubated at 37°C in a 5% CO2
humidified chamber. Cell lines were morphologically and genetically authenticated and tested for mycoplasma in
accordance with AACR guides.

Western Blot.  Protein extraction from cell lines was performed using RIPA buffer (5nM EDTA, 150 mM
NaCl, 1% Triton, 20 nM Tris pH 8 and 1:200 protein inhibitors). After Bradford colorimetric protein quantifica-
tion samples were run on a SDS/PAGE acrylamide gel for 2h and transferred to a PVDF membrane. Membranes
were blocked for 1 h with 5% milk and incubated with the primary antibodies described above overnight and
with the secondary antibodies -Goat anti-rabbit (Ref. P0448, dilution 1:2000, Agilent; Santa Clara, CA, USA)
and rabbit anti-mouse (Ref. P0260, dilution 1:2000, Agilent; Santa Clara, CA, USA)- for 1h at room temperature.
Membranes were developed using Immobilon Immobilon Western Chemiluminiscent (Ref. WBKLS0100, Merck
Millipore; Billerica, MA, USA). Membranes were finally stained with naphtol blue (Ref. N3393, Sigma-Aldrich;
St. Louis, MO, USA) to detect all proteins transferred to the membranes in order to normalize the ADAR protein
bands. The following antibodies were tested: ADAR1 (Ref. AMAb90535, dilution 1:100, Sigma-Aldrich; St. Louis,
MO, USA) and ADAR2 (Ref. sc-73409, dilution 1:50, Santa Cruz; Heidelberg, Germany, EU).

Immunofluorescence. Cells were fixed for 10 min 96 h after transfection. Cells were blocked for 15 min with
5% BSA solution in 10 ml of 0.5% PBS-T. They were incubated with the primary antibody for 2 h at room temper-
ature and with the secondary antibody for 45 min at room temperature in a dark chamber. Mounting and DAPI
staining were performed with ProLong Gold Antifade reagent with DAPI (Ref. P36931, ThermoFisher; Waltham,
MA, USA). Pictures were taken under the fluorescence microscope Nikon Eclipse TE2000-S. Primary antibodies:
ADARI (Ref. AMAbB90535, dilution 1:100, Sigma-Aldrich; St. Louis, MO, USA) and ADAR2 (Ref. sc-73409, dilu-
tion 1:50, Santa Cruz; Heidelberg, Germany, EU). Secondary antibody: Alexa Fluor 488 (Ref. A11017, Labeling
and detection, ThermoFisher; Waltham, MA, USA).
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Reverse Transfection of siRNAs. Desired number of cells according to the assay (see proliferation,
apoptosis and wound healing assay sections for the exact number of cells) was seeded using media without
antibiotic supplementation. Transfection mix was prepared in the following proportion: 25 ul of OptiMEM
(Ref. 11058021, Invitrogen-ThermoFisher; Waltham, MA, USA), 0.2 ul of lipofectamine (Ref. 11668019,
Invitrogen-ThermoFisher; Waltham, MA, USA), and 0.375 pl of siRNA (50 n1M) and added in a 1:3 (v/v) to
final volume of the well. After 24h of transfection, media was changed. Pre-designed siRNAs for ADARs were
purchased from Sigma-Aldrich: siRNA-ADARI: SASI Hs01 00115047- GACUAUCUCUUCAAUGUGU;
siRNA-ADAR2: SASI Hs01 00237747-GAGUGAUCGUGGCCUUGCA; siRNA-ADAR2_B: SASI
Hs01 00222314- GAGUGAUCGUGGCCUUGCA; siRNA-ADAR2_C: SASI_Hs01_00135204-
GAGUGAUCGUGGCCUUGCA; siRNA-NC: negative control, BLOCK-it Fluorescent Oligo, for lipid transfec-
tion (Ref. 2013, ThermoFisher; Waltham, MA, USA).

Cell proliferation assay. In order to determine cell proliferation and viability, a total of 4 x 10° cells
(HEC-1A); 12 x 10° cells (Ishikawa), and 2 x 10* cells (RL95-2) per well were plated in a 96 well plate (6 replicates
per condition). The cell growth rate was measured after 96 h of transfection. Cells were fixed to the plate with
glutaraldehide 1% (Ref. G6257, Sigma-Aldrich; St. Louis, MO, USA) for 15 min and stained with Crystal Violet
(Ref. C3886, Sigma-Aldrich; St. Louis, MO, USA). After 20 min, cells were washed with H,O and Acetic Acid 15%
(Ref. 0641, ThermoFisher; Waltham, MA, USA) was added. After 10 min shaking plates, they were read at 590 nm.
Three independent experiments were carried out.

Apoptosis assay. In order to determine cell apoptosis rate, a total of 8 x 10 cells (HEC-1A); 5 x 10* cells
(Ishikawa), and 2 x 10° cells (RL95-2) per well were seed in a p24 (8 replicates per condition). After 96 h of trans-
fection, cells were stained with Hoechst (1:1000, Ref. H6024, Sigma- Aldrich; St. Louis, MO, USA) and after 24h
pictures were taken under the fluorescence microscope Nikon Eclipse TE2000-S. The number of nucleus with
condensed chromatin and strongly staining of the DNA were quantified as apoptotic cells and divided by the total
number of nucleus. Three independent experiments were carried out (4 camps per well were counted).

Wound healing assay. To evaluate cell migration capabilities, a total of 8 x 10* cells (HEC-1A); 5 x 10*
cells (Ishikawa), and 2 x 10° cells (RL95-2) per well were seed in a p24 (3 replicates per condition). Wound was
generated 72 h post-transfection. Pictures were taken every 8 h using an Olympus FSX100 microscope. Wound
healing area was measured using Image J software at the different time points. Three experiments were carried
out independently.

All experiments were performed in accordance with the relevant guidelines and regulations.

Statistical analysis. The SPSS statistical package version 23 for Windows® and the GraphPad Prism ver-
sion 6 were used to perform the statistical analyses and ROC analysis. Each value represents the mean of at
least 3 replicates with the corresponding standard deviation. We analyzed the normality of each data set and we
used, according to the sample distribution, parametric or no parametric tests. For the IHQ analysis, a Wilcoxon
signed rank test was used to compare tumors from controls; and a Kruskal-Wallis and Mann-Whitney tests were
applied when comparing protein expression according to grades and histological subtypes, respectively. For the
functional analysis, means of the different groups were compared by Kruskal-Wallis followed by Dunn’s multiple
comparisons test (in case of significance). We considered significant p-values < 0.05. (*p-v < 0.05; **p-v < 0.01;
-y < 0.001; ¥¥H¥p-v: 0.0001).
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SUPPLEMENTARY TABLES

Supplementary Table 1. List of metabolites putatively identified (based on accurate
mass) in the discovery set that showed significant changes in their relative abundance
in EC tissues compared to the controls. The identity of a sub-set of metabolites
confirmed, using tandem mass spectrometry and matching the fragmentation pattern to

a reference standard, are listed in Table 2.

Mass error RT FC
Metabolite m/z N p-value Formula Mode
(ppm) (min) (T/N)
W . 3.07E- .
Picolinic acid 122.0245 2 0.650 0.183 03 C6HS5NO2 Negative
. . 4.10E- .
Palmitic amide 256.2644 3 1.564 0.014 13 C16H33NO Positive
. 2.49E- N
His lle 267.1458 1 5.165 41.789 02 C12H20N403 Negative
: I 2.33E- .
Linoleic acid 279.2320 3 6.905 3.282 02 C18H3202 Negative
- 7.55E- -
Oleamide 282.2804 4 1.654 0.010 09 C18H35NO Positive
. 1.03E- -
Stearamide 284.2957 3 2.210 0.088 14 C18H37NO Positive
. . 1.54E- .
3-Deoxyvitamin D3 369.3527 3 12.702 14.497 06 C27H44 Positive
15beta-Hydroxy-7alpha-mercapto-pregn-4-ene-3,20-dione 7- 403.1940 2 6.526 6.063 2.37E- C23H32045 Negative
acetate 03
. 9.39E- .
Gly His Pro Val 409.2184 2 0.780 0.112 06 C18H28N605 Positive
. 1.56E- .
Lys Met His 415.2128 1 4.775 133.472 05 C17H30N604S1 Positive
8.96E- .
Gly Pro Arg Ser 416.2247 1 0.733 6.407 11 C16H29N706 Positive
1.38E- .
Ala Lys Asn Ser 417.2103 0 6.955 186.790 03 C16H30N607 Negative
1.16E- .
Ala Ala Lys Met 418.2134 0 6.329 23.056 03 C17H33N505S Negative
3.62E- .
Ala Ala Ser Trp 432.1879 2 4.760 0.115 03 C20H27N506 Negative
1.82E- .
PE(P-16:0/0:0) 436.2827 1 5.814 8.455 03 C21H44NO6P Negative
7.81E- .
Trp Met Asp 451.1664 3 0.652 0.370 03 C20H26N406S1 Positive
1.28E- -
Cys Lys Thr Cys 454.1790 0 0.713 52.837 03 C16H31N50652 Positive
1.13E- .
1-0-alpha-D-glucopyranosyl 477.3807 4 0.733 129.167 04 C26H5207 Positive
7.95E- .
PE(18:0/0:0) 480.3092 0 6.305 11.485 04 C23H48NO7P Negative
1.93E- -
PC(16:0/0:0) 496.3409 2 5.637 91.659 02 C24H50NO7P Positive
3.21E- .
Ala Glu Lys Arg 501.2812 4 5.336 0.386 03 C20H38N807 Negative
8.04E- .
Thr Thr Gly Leu lle 502.2902 3 5.493 15.121 04 C22H41N508 Negative
3.44E- .
lle lle Met Arg 530.3152 4 6.199 26.818 06 C23H45N705S Negative
9.04E- -
Glu Lys Lys Lys 532.3430 4 5.768 16.779 03 C23H45N707 Positive
- 4.69E- :
Asp His Lys Arg 553.2860 1 5.187 37.104 04 C22H38N1007 Negative
] 4.84E- .
His lle Met Arg 554.2877 0 5.143 10.703 03 C23H41N905S Negative
4.68E- .
PG(22:6/0:0) 555.2716 2 5.656 5.286 03 C28H4509P Negative
4.38E- .
Arg Arg Met Leu 573.3305 0 6.330 49.118 02 C23H46N1005S Negative
1.27E- .
Lys Thr Glu Lys Ala 574.3226 3 6.329 22.446 03 C24H45N709 Negative
1.79E- .
Lys Lys Tyr Tyr 599.3197 0 6.653 50.352 06 C30H44N607 Negative
- 4.41E- ;
UDP-N-acetyl-D-galactosamine 606.0739 0 0.545 59.891 08 C17H27N3017P2 Negative
. 3,96E- .
His GIn Tyr Tyr 608.2452 3 9.007 0.014 27 C29H35N708 Negative
2.34E- .
Lys Thr Trp Trp 620.3220 4 6.141 34.551 02 C32H41N706 Positive
7.91E- .
Glu Phe Arg Trp 637.3067 3 1.238 0.028 06 C31H40N80O7 Positive
2.30E- .
SM(d18:1/14:0) 675.5442 1 8.327 6.491 03 C37H75N206P Positive
9.80E- .
PE(16:1/P-18:1) 698.5116 2 9.570 2.963 03 C39H74NO7P Negative
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SM(d16:1/18:1) 701.5599 8.436 4.410 B,giEf C39H77N206P Positive
8.23E- .

PA(0-16:0/21:0) 705.5816 7.054 0.132 05 C40H8107P Positive
4.95E- .

PE(16:0/17:0) 706.5414 7.300 382.658 08 C38H76NO8P Positive
1.16E- .

PE(16:0/18:2) 714.5078 9.402 14.459 04 C39H74N0O8P Negative
6.31E- .

PE(18:1/16:0) 716.5231 9.277 20.105 04 C39H76NO8P Negative
1.50E- .

PE(18:4/P-18:1) 720.4964 9.082 12.357 04 C41H72NO7P Negative
4.66E- .

PC(14:0/18:2) 730.5389 8.942 58.473 11 CA0H76NO8P Positive
4.59E- .

SM(d18:1/18:0) 731.6070 8.726 0.016 12 C41H83N206P Positive
2.68E- .

PC(18:1/14:0) 732.5552 7.682 4.926 1 CA0H78NO8P Positive
8.10E- .

PE(18:0/18:3) 740.5213 9.459 2.486 07 C41H76NO8P Negative
2.11E- .

PE(18:1/18:1) 742.5388 9.428 86.813 o C41H78NOSP Negative
4.96E- .

PE(18:0/18:1) 746.5703 8.345 100.242 08 C41H8ONOS8P Positive
5.42E- .

PE(0-16:0/22:5) 752.5607 9.745 0.139 09 C43H78NO7P Positive
4.54E- .

PG(13:0/22:6) 753.4738 0.690 11.581 05 C41H69010P Positive
1.21E- .

SM(d18:1/20:0) 759.6383 9.807 0.116 05 C43H87N206P Positive
3.40E- .

PG(0-16:0/20:1) 761.5677 9.188 2.404 04 C42H8309P Negative
2.95E- .

PE(16:0/22:6) 762.5106 9.094 2.526 04 C43H74NO8P Negative
1.33E- .

PC(15:0/20:5) 764.5268 8.250 16.476 05 C43H76NO8P Negative
2.17E- .

PE(22:6/P-18:1) 772.5278 9.300 0.231 03 C45H76NO7P Negative
2.09E- .

PS(13:0/22:1) 774.5303 8.903 76.552 09 C41H78NO10P Negative
1.97E- .

PA(20:2)/22:4) 775.5311 8.895 5.340 12 C45H7708P Negative
9.88E- .

PS(13:0/22:0) 776.5439 7.668 161.392 14 C41H8ONO10P Negative
1.24E- .

PA(20:1/22:4) 777.5470 7.668 12.800 1 C45H7908P Negative
1.17E- .

PC(16:0/20:4) 782.5708 6.781 6.601 02 C44HB80ONOSP Positive
1.75E- .

SM(d18:1/22:0) 787.6701 10.615 0.017 09 C45H91IN206P Positive
9.22E- .

PE(18:1/22:6) 788.5258 9.115 8.998 05 CA5H76NO8P Negative
1.22€- "

PS(18:0/18:1) 790.5608 9.072 0.067 09 C42H80ONO10P Positive
5.79E- .

PS(15:0/22:2) 800.5437 8.995 5.224 07 C43H80ONO10P Negative
1.52E- .

PC(16:0/22:6) 806.5709 7.213 284.147 03 CA46HBONOS8P Positive
1.97E- .

SM(d18:2/24:1) 811.6659 9.929 0.155 10 C47H91IN206P Positive
3.56E- "

PC(18:0/20:2) 814.6337 9.990 10.906 04 C46H88NO8SP Positive
1.47E- .

SM(d18:1/24:0) 815.7016 11.266 0.146 05 C47H95N206P Positive
2.94E- .

PE(20:1/22:6) 816.5526 8.940 0.052 1 C47H8ONOS8P Negative
9.13E- .

PS(17:0/22:4) 824.5433 8.838 5.989 o7 C45H80NO10P Negative
8.09E- .

PS(17:0/22:2) 828.5754 8.269 2.310 05 C45H84NO10P Negative
8.71E- .

PC(18:1/22:6) 832.5861 9.082 9.981 08 C48H82NO8P Positive
5.08E- .

PI(16:0/18:1) 835.5348 9.764 20.423 06 C43H81013P Negative
4.47E- :

PG(19:0/22:4) 839.5768 9.803 0.424 06 C47H85010P Negative
1.22E- .

Galbetal-4Glcbeta-Cer(d18:1/16:0) 860.6069 8.906 4.897 05 C46H87NO13 Negative
1.00E- .

PI(18:1/18:1) 861.5505 9.781 72.796 07 C45H83013P Negative
8.37E- .

PI1(14:0/22:1) 863.5645 9.845 60.540 08 C45H85013P Negative
6.90E- .

PI1(16:0/22:3) 887.5644 8.369 56.974 13 C47H85013P Negative
" 2.68E- .

Inosine 267.07301 0.407 0.172 03 C10H12N405 Negative
6.95E- .

PC(16:0/20:5) 780.55447 8.848 40.720 08 C44H78NO8P Positive
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Supplementary Table 2. List of features that showed significant dysregulation in the
different FIGO stages of EC tissues that were interrogated in this study. The same
input mass or metabolite can appear more than once in the table because it appears as
significantly altered in more than one comparison (m/zs marked with an asterix). The
identity of a sub-set of the metabolites was confirmed, using tandem mass
spectrometry and matching the fragmentation pattern to a reference standard, are
listed in Table 3.

m/z M:::sp:l";'or FC Comparison p-value Metabolite Formula Mode Adduct
267.146* 1 2.080 2.88E-02 Leu His C12H20N403 Negative [M-H]-
303.233 1 0.140 6.24E-03 Arachidonic Acid C20H3202 Negative [M-H]-
403.194* 1 4.152 7.90E-04 Glu Thr Arg C15H28N607 Negative [M-H]-
404.197 0 1.934 1.02E-03 Ala Gly Lys Met C16H31N505S Negative [M-H]-
405.193 1 1.594 8.32E-04 Met Thr Arg C15H30N605S51 Negative [M-H]-
417.199 0 2.686 2.63E-04 Ala Leu Thr Asp C17H30N408 Negative [M-H]-
417.210* 0 1.118 3.13E-04 Ala Lys Asn Ser C16H30N607 Negative [M-H]-
418.208 3 1.748 3.59E-04 Trp Ser Lys C20H29N505 Negative [M-H]-
418.213* 0 9.460 4.17E-04 Ala Ala Lys Met C17H33N505S Negative [M-H]-
431.179 0 3.203 7.69E-04 Ala Glu Val Asp C17H28N409 Negative [M-H]-
478.294 0 43.213 2.45E-02 PE(18:1/0:0) C23H46NO7P Negative [M-H]-
480.309* 2 0.267 1.48E-02 PE(18:0/0:0) C23H48NO7P Negative [M-H]-
485.282 4 3.028 2.28E-02 Ala lle GIn Arg C20H38N806 Negative [M-H]-
524.278 0 0.106 3.33E-04 LysoPE(0:0/22:6) C27H44NO7P Negative [M-H]-
526.293 1 0.390 2.44E-03 LysoPE(0:0/22:5) C27H46NO7P Negative [M-H]-
566.346* 1 0.163 3.50E-02 PS(21:0/0:0) C27H54NO9P Negative [M-H]-
606.074 0 0.377 B 2.98E-02 UDP-N-acetyl-D-galactosamine C17H27N3017P2 Negative [M-H]-

Q

1

©
665.314 1 1.636 = 9.71E-05 Lys Asp Tyr Glu Leu C30H46N6011 Negative [M-H]-

<
746.513 0 2.387 5 2.78E-04 PE(20:5/P-18:1) C43H74NO7P Negative [M-H]-

=
762.511* 3 2.035 E 8.36E-03 PE(16:0/22:6) C43H74NO8P Negative [M-H]-
768.552 3 1.507 1.68E-02 PC(16:0/19:3) C43H80ONOS8P Negative [M-H]-
772.528* 1 0.406 1.86E-03 PE(22:6/P-18:1) C45H76NO7P Negative [M-H]-
774.542* 3 0.025 5.52E-03 PE(P-18:0/22:6) C45H78NO7P Negative [M-H]-
779.563 4 0.144 5.74E-03 PA(20:0/22:4) C45H8108P Negative [M-H]-
788.526* 2 15.280 2.21E-02 PE(18:1/22:6) C45H76NO8P Negative [M-H]-
803.563 4 11.292 3.35E-02 PA(22:0/22:6) C47H8108P Negative [M-H]-
824.543* 1 0.497 4.44E-02 PS(17:0/22:4) C45H80NO10P Negative [M-H]-
828.575* 0 2.069 3.40E-04 PS(17:0/22:2) C45H84NO10P Negative [M-H]-
851.562 4 0.127 4.82E-04 P1(13:0/22:0) C44H85013P Negative [M-H]-
852.574 2 1.570 5.41E-03 PS(19:0/22:4) C47H84NO10P Negative [M-H]-
856.608 1 2.441 7.37E-04 PS(19:0/22:2) C47H88NO10P Negative [M-H]-
858.660 0 3.101 1.13E-02 PS(P-20:0/22:0) C48H94NOSP Negative [M-H]-
288.290 0 0.489 2.16E-04 C17 Sphinganine C17H37NO2 positive [M+H]+
415.213* 1 0.288 2.52E-05 Lys Met His C17H30N604S51 positive [M+H]+
454.179* 0 0.369 2.99E-05 Cys Cys Lys Thr C16H31N50652 positive [M+H]+
665.419* 2 1.606 1.90E-03 PA(14:1/20:5) C37H6108P positive [M+H]+
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705.592 3.371 1.84E-02 SM(d18:0/16:0) C39H81N206P positive [M+H]+
780.554* 0.331 3.13E-03 PC(16:0/20:5) C44H78NO8P positive [M+H]+
806.571* 3.081 7.86E-04 PC(16:0/22:6) C46H80ONO8P positive [M+H]+
806.571* 0.019 5.34E-03 PE(22:6/19:0) C46H80ONOSP positive [M+H]+

305.248 19,139 2.77E-03 5,8,11-eicosatrienoic acid C20H3402 Negative [M-H]-
436.283 16.302 1.53E-05 PE(P-16:0/0:0) C21H44NO6P Negative [M-H]-
464.314 10.907 3.10E-02 PC(P-15:0/0:0) C23H48NO6P Negative [M-H]-
480.309* 15.617 1.25E-05 PE(18:0/0:0) C23H48NO7P Negative [M-H]-
502.290* 8.916 2.05E-04 Thr Thr Gly Leu lle C22H41N508 Negative [M-H]-

506.323 9 2.56E-03 PC(17:1/0:0) C25H50NO7P Negative [M-H]-
538.347* 0.236 4.53E-02 Lys Lys Lys His C24H45N905 Negative [M-H]-

541.333 14.347 2.20E-02 Vallle Pro Lys Ser C25H46N607 Negative [M-H]-
553.286* 36.245 3.20E-02 Asp His Lys Arg C22H38N1007 Negative [M-H]-

555.272 9.7976 3.35E-03 PG(22:6/0:0) C28H4509P Negative [M-H]-

566.346 7.742 1.31E-03 PS(21:0/0:0) C27H54N0O9P Negative [M-H]-

599.320 62.527 3.01E-06 Lys Lys Tyr Tyr C30H44N607 Negative | [M-H]-
608.245* 0.014 2.28E-20 His GIn Tyr Tyr C29H35N708 Negative [M-H]-
714.508* 10.866 6.47E-05 PE(16:0/18:2) C39H74NO8P Negative [M-H]-

720.496 24.311 8.18E-04 PE(18:4/P-18:1) C41H72NO7P Negative [M-H]-
740.521* 17.02 9.06E-06 PE(18:0/18:3) C41H76NO8P Negative [M-H]-
742.539* 87.086 1.76E-08 PE(18:1/18:1) C41H78NO8P Negative [M-H]-

747.517 2.337 2.16E-04 PG(16:0/18:1) C40H77010P Negative [M-H]-
748.528* 0.200 2.79E-06 PE(20:4/P-18:1) C43H76NO7P Negative [M-H]-

750.544 0.454 i 8.50E-10 PE(0-16:0/22:5) C43H78NO7P Negative [M-H]-

o
762.511* 2.658 E 3.11E-05 PE(16:0/22:6) C43H74NO8P Negative [M-H]-
=
764.527* 12.513 E 1.08E-05 PC(15:0/20:5) C43H76NO8P Negative [M-H]-
772.528* 0.358 1.56E-02 PE(22:6/P-18:1) C45H76NO7P Negative [M-H]-
774.530* 73.131 2.79E-09 PS(13:0/22:1) C41H78NO10P Negative [M-H]-
776.544* 169.37 2.46E-13 PS(13:0/22:0) C41H8ONO10P Negative [M-H]-
777.547* 10.311 1.64E-11 PA(20:1/22:4) C45H7908P Negative [M-H]-
788.526*% 9.8885 2.28E-06 PE(18:1/22:6) C45H76NO8P Negative [M-H]-
788.544* 0.263 5.69E-10 PS(18:0/18:1) C42H80NO10P Negative [M-H]-
800.544* 6.613 2.29E-08 PS(15:0/22:2) C43H80NO10P Negative [M-H]-
816.553* 0.008 4.16E-11 PE(20:1/22:6) C47H8ONOSP Negative [M-H]-
824.543* 8.711 1.14E-08 PS(17:0/22:4) C45H80NO10P Negative [M-H]-
828.575* 2.794 5.41E-06 PS(17:0/22:2) C45H84NO10P Negative [M-H]-
835.535* 21.918 2.27E-06 PI(16:0/18:1) C43H81013P Negative [M-H]-
839.577* 0.424 2.53E-05 PG(19:0/22:4) C47H85010P Negative [M-H]-
861.551* 90.4 2.90E-08 PI(18:1/18:1) C45H83013P Negative [M-H]-
863.565* 75.341 7.75€-07 PI(14:0/22:1) C45H85013P Negative [M-H]-
887.564* 43.357 1.15E-09 PI(16:0/22:3) C47H85013P Negative [M-H]-
256.264* 0.0136 5.36E-13 Palmitic amide C16H33NO Positive [M+H]+
282.280* 0.019 2.55E-10 Oleamide C18H35NO Positive [M+H]+
284.296* 0.088 1.01E-14 Stearamide C18H37NO Positive [M+H]+
338.343* 0.035 5.99E-08 13Z-Docosenamide C22H43NO Positive [M+H]+
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369.353 3 28.704 1.16E-04 3-Deoxyvitamin D3 C27H44 Positive [M+H]+
409.218* 2 0.112 5.43E-05 Gly His Pro Val C18H28N605 Positive [M+H]+
415.213* 1 130.06 1.37E-20 Lys Met His C17H30N604S1 Positive [M+H]+
451.166 3 0.370 1.64E-02 Trp Met Asp C20H26N40651 Positive [M+H]+
454.179* 0 13.624 4.05E-18 Cys Cys Lys Thr C16H31N506S2 Positive [M+H]+
477.381* 4 209.13 3.10E-08 1-0-alpha-D-glucopyranosyl-1,2-eicosandiol C26H5207 Positive [M+H]+
496.341 2 141.65 5.38E-03 PC(16:0/0:0) C24H50NO7P Positive [M+H]+
522.356 1 75.614 1.46E-03 PC(0-16:1/2:0) C26H52NO7P Positive [M+H]+
637.307* 3 0.028 1.65E-03 Glu Phe Arg Trp C31H40N807 Positive [M+H]+
675.544* 1 8.3 1.02E-02 SM(d18:1/14:0) C37H75N206P Positive [M+H]+
705.582* 3 0.015 7.23E-04 PA(0-16:0/21:0) C40H8107P Positive [M+H]+
706.541* 4 454.26 1.61E-06 PE(16:0/17:0) C38H76NO8P Positive [M+H]+
720.555* 1 31.796 5.81E-07 PE(17:0/17:0) C39H78NO8P Positive [M+H]+
730.542* 4 286.63 7.60E-10 PC(14:0/18:2) C40H76NO8P Positive [M+H]+
731.607* 1 0.014 1.44E-09 SM(d18:1/18:0) C41H83N206P Positive [M+H]+
732.555* 1 5.55 1.28E-11 PC(14:0/18:1) C40H78NO8P Positive | [M+H]+
746.570* 1 111.54 1.23E-09 PE(18:0/18:1) C41H8ONOSP Positive [M+H]+
752.560* 1 0.064 1.40E-10 PE(20:3/P-18:1) C43H78NO7P Positive [M+H]+
759.638* 1 0.116 1.22E-04 SM(d18:1/20:0) C43H87N206P Positive [M+H]+
780.554* 0 82.53 2.45E-10 PC(16:0/20:5) C44H78NO8P Positive [M+H]+
782.571 1 12.62 3.80E-02 PE(22:4/17:0) C44H80ONOSP Positive [M+H]+
787.670* 1 0.024 1.12E-08 SM(d18:1/22:0) C45H91N206P Positive [M+H]+
806.571* 1 367.48 1.28E-05 PC(16:0/22:6) C46H80NO8P Positive [M+H]+
811.666* 3 0.011 2.02E-09 SM(d18:2/24:1) C47H91IN206P Positive [M+H]+
813.686* 1 0.281 7.98E-10 SM(d18:1/24:1) C47H93N206P Positive [M+H]+
814.634 2 21.334 3.64E-04 PC(16:0/22:2) C46H88NO8P Positive [M+H]+
815.701 1 0.279 5.56E-05 SM(d18:1/24:0) C47H95N206P Positive [M+H]+
832.586 1 19.434 8.70E-08 PC(18:1/22:6) C48H82NO8P Positive [M+H]+
834.601 0 50.046 1.93E-03 PC(18:0/22:6) C48H84NO8P Positive [M+H]+
836.611 1 10.669 7.67E-04 LacCer(d18:0/14:0) C44H85N013 Positive [M+H]+
267.146* 1 43.913 4.77€E-05 Histidylleucine C12H20N403 Negative [M-H]-
281.248 1 0.128 1.53E-05 2Z-octadecenoic acid C18H3402 Negative [M-H]-
303.232 2 0.293 9.94E-04 8,11-eicosadiynoic acid C20H3202 Negative [M-H]-
355.199 3 29.133 2.87E-02 Ala Ala Pro Val C16H28N405 Negative [M-H]-
397.209 0 37.246 2.27E-02 Pro Pro Ser Val C18H30N406 Negative [M-H]-
399.224 1 31.782 1.65E-02 Ala lle Pro Thr C18H32N406 Negative [M-H]-
403.194* 1 10.872 = 2.16E-16 Gly Lys Asn Ser C15H28N607 Negative [M-H]-

~
417.210* 0 363.29 % 1.03E-20 Ala Lys Asn Ser C16H30N607 Negative [M-H]-

-1

]
418.213* 0 44.8 - 3.71E-22 Ala Ala Lys Met C17H33N505S Negative [M-H]-
426.259 2 40.28 3.44E-03 Arg Pro Arg C17H33N904 Negative [M-H]-
432.188 2 0.019 4.67E-05 Ala Ala Ser Trp C20H27N506 Negative [M-H]-
443.253 3 32.89 2.53E-03 AlaGlulle lle C20H36N407 Negative [M-H]-
449.150 0 0.032 2.31E-02 Trp Met Asp C20H26N40651 Negative [M-H]-
471.280 1 13.68 1.68E-02 Ala Ala Arg Arg C18H36N1005 Negative [M-H]-
480.309* 0 7.56 4.84E-02 PE(18:0/0:0) C23H48NO7P Negative [M-H]-

158



CHAPTERIII

499.360 3.134
501.281 0.465
502.290* 21.16
530.315 51.346
538.347* 0.236
553.286* 37.92
558.339 28.384
573.330 94.831
574.323 42.82
599.319 38.788
601.389 56.529
608.245* 0.014
687.544 0.323
714.508* 17.872
716.523 21.399
724.528 2.184
736.528 2.436
740.521* 17.11
742.539% 86.553
748.528* 0.233
761.568 3.7379
762.511* 2.400
764.527* 20.241
768.553 4.6468
772.528* 0.110
774.530% 79.805
774.542* 0.405
775.531 9.4641
776.544* 153.81
777.547% 15.165
788.526* 8.1507
788.544* 0.494
800.544* 3.9045
816.553* 0.093
824.543* 3.403
835.535* 193
839.577* 0.424
860.607 8.6
861.551* 56.74
863.565* 46.48
887.564* 69.912
256.264* 0.014
282.280* 5‘607415'
284.296* 0.088
338.343* 4‘400325'

2.82E-03 lle lle Lys Lys C24H48N605 Negative [M-H]-
1.58E-02 Ala Glu Lys Arg C20H38N807 Negative [M-H]-
1.51E-02 Thr Thr Gly Leu lle C22H41N508 Negative [M-H]-
1.78E-07 lle lle Met Arg C23H45N705S Negative [M-H]-
9.44E-04 His Lys Lys Lys C24H45N905 Negative [M-H]-
2.30E-06 Asp His Lys Arg C22H38N1007 Negative [M-H]-
1.28E-04 Glu Lys Lys Arg C23H45N907 Negative [M-H]-
2.28E-04 Ile Met Arg Arg C23H46N1005S Negative [M-H]-
6.99E-05 Lys Thr Glu Lys Ala C24H45N709 Negative [M-H]-
9.18E-04 Lys Lys Tyr Tyr C30H44N607 Negative [M-H]-
1.76E-03 PA(12:0/17:2) C32H5908P Negative [M-H]-
4.75E-34 His GIn Tyr Tyr C29H35N708 Negative [M-H]-
2.33£-04 SM(d16:1/17:0) C38H77N206P Negative | [M-H]-
3.48E-03 PE(16:0/18:2) C39H74N0O8P Negative [M-H]-
3.52E-03 PE(18:1/16:0) C39H76NO8P Negative [M-H]-
2.50E-07 PE(18:2/P-18:1) C41H76NO7P Negative | [M-H]-
8.68E-05 PC(18:4/P-16:0) C42H76NO7P Negative [M-H]-
8.94E-03 PE(18:0/18:3) C41H76NOSP Negative | [M-H]-
1.12E-03 PE(18:1/18:1) C41H78NOSP Negative | [M-H]-
2.13E-04 PE(20:4/P-18:1) C43H76NO7P Negative [M-H]-
1.47E-02 PG(0-16:0/20:1) C42H8309P Negative [M-H]-
1.08E-02 PE(16:0/22:6) C43H74NOSP Negative | [M-H]-
1.17E-03 PC(15:0/20:5) C43H76NO8P Negative [M-H]-
4.49E-02 PC(16:0/19:3) C43H8ONOSP Negative | [M-H]-
1.74E-03 PE(22:6/P-18:1) C45H76NO7P Negative | [M-H]-
1.88E-06 PS(13:0/22:1) C41H78NO10P Negative [M-H]-
2.22E-03 PE(P-18:0/22:6) CA45H78NO7P Negative [M-H]-
9.31E-08 PA(20:2/22:4) C45H7708P Negative | [M-H]-
9.32E-09 PS(13:0/22:0) C41H8ONO10P Negative [M-H]-
4.10E-08 PA(20:1/22:4) C45H7908P Negative | [M-H]-
1.30E-02 PE(18:1/22:6) C45H76NOSP Negative | [M-H]-
7.83E-07 PS(18:0/18:1) C42H8ONO10P Negative | [M-H]-
1.12E-03 PS(15:0/22:2) C43H8ONO10P Negative [M-H]-
5.24E-09 PE(20:1/22:6) C47H8ONOSP Negative | [M-H]-
8.41E-04 PS(17:0/22:4) C45H80NO10P Negative [M-H]-
3.92E-04 PI(16:0/18:1) C43H81013P Negative | [M-H]-
3.19E-05 PG(19:0/22:4) C47H85010P Negative | [M-H]-
4.22E-05 Galbetal-4Glcbeta-Cer(d18:1/16:0) C46H87NO13 Negative [M-H]-
1.68E-04 PI(18:1/18:1) C45H83013P Negative | [M-H]-
1.25E-05 PI(14:0/22:1) C45H85013P Negative | [M-H]-
5.25E-09 PI(16:0/22:3) C47H85013P Negative | [M-H]-
3.38E-10 Palmitic amide C16H33NO Positive [M+H]+
3.11E-07 Oleamide C18H35NO Positive [M+H]+
4.15E-11 Stearamide C18H37NO Positive [M+H]+
5.63E-16 13Z-Docosenamide C22H43NO Positive [M+H]+
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409.218* 0.112
416.225 11.544
463.365 18.616

477.381* 53.203
532.343 31.769
620.322 66.424
637.307* 0.028
665.419* 13.503
675.544* 5.551
701.560 6.794
705.582* 0.243
706.541* 314.64
720.555* 4.2454
730.542* 285.66
731.607* 0.029
732.555* 4.8033
746.570* 89.507
746.604 0.353
752.560* 0.210
752.561 0.070
753.474 21.633
759.638* 0.116
787.670* 9'6;: E-
794.606 0.408
806.571* 2.334
811.666* 0.291
813.686* 0.465
815.702 0.020

2.55E-03 Gly His Pro Val C18H28N605 Positive [M+H]+
1.06E-06 Gly Pro Arg Ser C16H29N706 Positive [M+H]+
4.366-03 1-O-alpha-D-glucopyranosyl-1,2- C25H5007 Positive | [M+H]+
nonadecandiol
1.70E-02 1-0-alpha-D-glucopyranosyl-1,2-eicosandiol C26H5207 Positive [M+H]+
1.83E-03 Glu Lys Lys Lys C23H45N707 Positive [M+H]+
7.57E-04 Lys Thr Trp Trp C32H41N706 Positive [M+H]+
1.25E-05 Glu Phe Arg Trp C31H40N807 Positive [M+H]+
2.90E-03 PA(14:1/20:5) C37H6108P Positive [M+H]+
3.37E-03 SM(d18:1/14:0) C37H75N206P Positive [M+H]+
2.13E-03 SM(d16:1/18:1) C39H77N206P Positive [M+H]+
3.69E-04 PA(0-16:0/21:0) C40H8107P Positive [M+H]+
5.80E-06 PE(16:0/17:0) C38H76NO8P Positive [M+H]+
1.30E-04 PE(17:0/17:0) C39H78NO8P Positive [M+H]+
1.02E-06 PC(14:0/18:2) C40H76NO8P Positive [M+H]+
4.63E-08 SM(d18:1/18:0) C41H83N206P Positive [M+H]+
8.81E-08 PC(14:0/18:1) CA0H78NO8P Positive [M+H]+
4.05E-05 PE(18:0/18:1) C41H80ONOS8P Positive [M+H]+
3.64E-02 PC(0-18:1/16:0) C42H84NO7P Positive [M+H]+
5.78E-06 PE(20:3/P-18:1) C43H78NO7P Positive [M+H]+
2.03E-06 PE(0-16:0/22:5) C43H78NO7P Positive [M+H]+
4.28E-06 PG(13:0/22:6) C41H69010P Positive [M+H]+
2.35E-06 SM(d18:1/20:0) C43H87N206P Positive [M+H]+
9.22E-07 SM(d18:1/22:0) C45H91N206P Positive [M+H]+
2.35E-04 PC(0-18:1/20:4) C46H84NOT7P Positive | [M+H]+
3.59E-02 PC(16:0/22:6) C46H80NO8P Positive [M+H]+
1.14E-07 SM(d18:2/24:1) C47H91IN206P Positive [M+H]+
4.38E-06 SM(d18:1/24:1) C47H93N206P Positive [M+H]+
1.97E-04 SM(d18:1/24:0) C47H95N206P Positive [M+H]+
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Supplementary figure 1. Verification of stearamide using tandem MS. The
identification of the metabolite stearamide (284.2946) in the samples was confirmed by
performing MS/MS in the ESI postive mode with a collision energy of 40 V; the
resultant fragmentation spectra was compared to that of a commercially available.
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Supplementary figure 2. MS/MS structural verification of inosine. The identification
of the metabolite inosine (267.0822) in the samples was confirmed by performing
MS/MS in the ESI negative mode with a collision energy of 40 V; the resultant
fragmentation spectra was compared to that available in Metlin web database.
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Supplementary figure 3. Metabolite panel as a predictor of EC progression. The
realtive abundance of a panel of metabolites including arachidonic acid, PC
(16:0/20:5), PE (22:6/P-18:1) and UDP-N-acetyl-D-galactosamine were significantly (p-
v < 0.05) increased in late FIGO stages of EC compared to early stages while PC
(16:0/22:6), PE (16:0/22:6) and PE (18:1/22:6) levels were significantly decreased.

Supplementary figure 4. Staining profiles of ADAR proteins in EC tissues. Panel
A. Representative section showing that ADAR1 expression is not detected in mitotic
cells (black arrow). Panel B. ADAR1 specific staining of endothelial cells (black arrow).
The same pattern was observed for ADAR2 antibody (data not shown). (100X).
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Supplementary figure 5. ROC curve analysis for IHQ data obtained for ADAR1 and
ADAR2.
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Supplementary figure 6. Representative graphic illustrating the transfection efficiency
in three cell lines that was quantified as green fluorescence upon transfecting with

SIRNAYREIEPSALAA fighre 61 ReRPSH T RARAVSHRIe difel e b REES. officifacy
in three cell lines that was quantified as green fluorescence upon transfecting with
siRNA-NC (Panel A) HEC-1A , (Panel B) Ishikawa and (Panel C) RL95-2 cells.
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Supplementary figure 7. Panel A. Western Blot analysis showing the inhibition of

ADARSs protein expression. After 96 h of transfection of HEC-1A, Ishikawa and RL95-
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Supplementary figure 8. Panel A. Western Blot analysis showing the inhibition of
ADAR2 protein expression. After 96 h of transfection of HEC-1A, Ishikawa and RL95-
2 EC cell lines with siRNA-ADAR2_B, siRNA-ADAR2_C or siRNA-NC, a decrease in
protein abundance was observed in all cases. Tubulin was used as a protein loading
control. Panel B. Functional assays revealing that ADAR2 presents oncogenic
functions in vitro. HEC-1A, Ishikawa and RL95-2 EC cell lines were used for the
functional assays. Proliferation assay shows a significant decrease in cell viability (OD
590 nm) in the 3 cell lines when inhibiting ADAR2 expression with siRNA-ADAR2_B
and siRNA-ADAR2_C. Apoptosis assay shows a significant increase in the apoptosis
rate when silencing ADAR2 with both siRNAs. Wound healing assay indicating a
significant decrease in the migration capabilities of the 3 EC cell lines (% of wound
healing) when treating cells with siRNA-ADAR2_B and siRNA-ADAR2_C.
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Cancer is an important health concern worldwide. In many developed countries,
including Europe, cancer represents the second most common cause of death
next to cardiovascular diseases. More than half of the patients diagnosed with
cancer around the world succumb to it. Moreover, since the world population
aging is increasing as well as the cancer associated lifestyle habits, cancer will

promptly turn into the first cause of death in many parts of the world 120

EC represents a set of tumors that are mostly generated in the endometrial
glands of postmenopausal women. It is the most common gynecological
malignancy in developed countries and the fourth most common cancer in
women. EC is a gynecological disease that shows a continuous increasing
incidence among older, but also younger, patients. Concerning this problematic,
many new research lines focused on the better understanding of the

molecular changes associated to EC have appeared the last decades.

Currently, endometrial biopsies are the most common surgical specimen used
to diagnose EC and to assess the grade and histological type of the tumor. This
preoperative information has a big impact on the therapeutic decision, however,
the subjectivity of this analysis and the small amount of material contained in
endometrial biopsies leads to an inaccurate prediction of the histological type

121 Therefore, an easy, quick, applicable, and

and grade in many cases
accurate technique in order to properly diagnose EC and define the histological
type and grade is urgently needed. For this purpose, several studies carried out
during the last years based their efforts in identifying novel tumor biomarkers
in order to improve EC diagnosis, staging, prognosis and therapeutic
response. The translational impact that these findings will have into the clinics
will not just facilitate the diagnosis and prognosis of the disease, but also

provide new tools for individualized treatment of the patients %212,

In order to achieve the implementation of molecular tools in the clinical setting,
new research projects have focused their efforts to the era of "big biology" and
the integrative study of biological systems, also called "omics" technologies.
From a recent past, various “omics” have been used for the research of cancer
biomarkers. The “omics” approaches include the study of the entire genome,

transcriptome, proteome and metabolome; thus, concentrating in the study of a
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global view of an organism and not researching single genes, transcripts,
proteins or metabolites. The integration of all “omics” information will permit a
better understanding of human cancer and drive towards individualized

treatments %,

Over the past six decades the study of DNA, RNA and proteins has been the
spotlight of cancer research. Metabolomics has emerged as a potentially
transformational avenue towards the identification of novel tumor
biomarkers. In this context, it is indispensable to comprehend changes that
occur in the metabolome during tumor formation and cancer progression in
order to provide new insights for the detection of disease biomarkers. The
metabolome is defined by the complete collection of substrates and end
products of the metabolism that drive essential cellular functions. These
metabolites or low weight molecules reflect the physiological and pathological
changes of a biological system '®. Metabolomics-based biomarkers may be
applied for disease diagnosis, patient stratification, drug discovery, targeted
therapies efficacy assessment and monitoring the response to a specific
treatment '%°. Despite its potential, no metabolites have yet reached clinical

EC diagnostic use neither therapeutic guidance application.

Tissue-based tumor signatures are prone to bias since multiple sub-clonal
populations of cells compete against each other in a tumor. Liquid biopsies
have been reported to carry valuable information about tumor development with
important implications for clinical oncology. They are being already used in
research as samples for detecting tumor biomarkers and to monitor and

improve treatment selection for the patient 3’

. Although liquid biopsies provide a
non-invasive substitute to solid biopsies, they have some limitations such us
lack of consensus on the detection methods, small sample volume and diluted
concentration of molecules, among others. Hence, no clinical sample can be
established as a standard for a discovery project; depending on the biomarker
scientific pipeline and the specific objectives of the study the optimum source of
biomarkers will have to be chosen. For that reason, the human sample type to
use in the research for biomarkers and for the study of the dysregulated

pathways in carcinogenesis still remains a challenge.
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In this concern, EVs and exosomes represent an innovative source of
biomarkers containing specific cargo that resembles to their cells of origin. They
can be easily isolated and studied as a mirror of genetic and signaling
alterations of the parental cell. Moreover, they are present in most body fluids
and their cargo stability is guaranteed since it is protected from enzymatic
activity by a lipid bilayer. Besides, they alleviate the dynamic range issue that is
a usual problem in molecular characterization studies based in body fluids, due
to the limitation for detection of low abundant molecules which are hidden by

the existence of high concentration molecules in the study sample %0,

In order to overcome the outlined clinical challenges, the major goal of this
thesis work was to identify a novel panel of EC diagnostic markers and to
gain insights into altered metabolic pathways in the establishment and
dissemination process of EC using metabolomic-based approaches in
order to improve patient care and overcome the mortality rate of this

malignancy.

To achieve this objective, we divided the thesis work into three chapters each
one of them associated to a specific objective: 1) Optimization of the extraction
methods for the metabolomic analysis of extracellular vesicles (EVs) contained
in human biofluids using liquid chromatography mass spectrometry (LC-MS)
techniques; 2) Identification, verification, and validation of EC diagnostic
biomarkers from human biofluids (use of plasma, uterine aspirates and EVs
isolated from both biofluids); and 3) Metabolomic study of the EC initiation and

dissemination processes at tissues level.

As this thesis is centered in the metabolomics study of EC, a first step consisted
in setting up the methods to obtain high-quality data. The matrices that were
analyzed along the thesis investigations were plasma, uterine aspirates, tissue
biopsies and EVs isolated from human biofluids. The use of tissues, plasma
samples, and endometrial aspirates for MS studies has been published by
several groups 2" but not much was known about the EVs isolation and
preparation for metabolomic and lipidomic profiling studies 132 For this reason,
in Chapter 1- “Enabling metabolomics based biomarker discovery studies

using molecular phenotyping of exosome-like vesicles (ELVs)”- we
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described methodologies for UPLC-ESI-MS based small molecule profiling of
ELVs from biological samples, including plasma and cell culture media. We
chose those matrices for optimizing metabolomics methodologies since those
are used in our work, but also are widely used in other clinical and basic
research studies. As a result of this work, we could confirm that the isolation
and enrichment of ELVs from plasma and cell culture media was successful and
we were able to characterize the size and concentration of the vesicles.
Moreover, since procuring human plasma samples from biorepositories is often
limited by the cost and sample volume, we determined the minimum volume of
plasma needed to generate optimal MS data when profiling the metabolome of
the ELVs, this was 500 ul. A set of metabolites that were found in plasma and
cell culture media ELVs were also validated confirming the biochemical
composition of these vesicles. Additionally, we highlighted the importance of
enriching the ELVs fraction in contraposition to the use of the non-fractionated
biofluid to achieve the discovery of low abundant metabolites. The use of ELVs
allows the detection and identification of many metabolites that fall below the
instrumental limit of detection when analyzing the non-fractionated matrix.
Besides, we demonstrated the utility of ELVs in MS-based research in order to
reveal changes in pathological situations compared to the control condition and
the possibility to use targeted MS approaches to analyze the low abundant

metabolites as biomarkers of this pathological situation. These findings describe

a standardized methodology for MS based metabolomics profiling of ELVs and

evidenced that the enriched cargo contained in ELVs offers new opportunities

for the discovery of low abundant metabolites as disease biomarkers. This

approach could be easily translated to other fields of biomarker research.

Hence, once we standardized the protocol and conditions to be used for our
research, in Chapter 2- “Integrative analysis of the lipidome and
metabolome of biofluids and extracellular vesicles yields biosignatures to
diagnose endometrial cancer”- we aimed to identify a diagnostic biomarker
panel by studying the metabolic and lipidomic profile of 4 different human
biofluids: plasma, uterine aspirates (UA), extracellular vesicles derived from
plasma (P EVs) and extracellular vesicles derived from uterine aspirates (UA

EVs). As mentioned previously, many efforts and investments have been made

172



DISCUSSION

to find diagnostic cancer biomarkers over the last decade without success. In
order to overcome this clinical limitation, here we present, for the first time, a
discovery mode study that combined 4 different matrices derived from human
body fluids. We developed a biomarker workflow starting with an untargeted
discovery MS phase (global LC-MS) and verification phase (MS/MS) that will be
soon followed by a validation phase using an independent cohort of plasma

samples (targeted MRM).

The collection of novel strategies followed in this work was expected to result in
advances in the clinics of EC diagnosis since: a) The integration of the profiling
information obtained from 4 different sample types for each patient included in
the discovery phase of the study allows a much better understanding of EC and
offers higher opportunities to identify EC specific biomarkers; b) The use of
proximal biofluids as source of biomarkers, in this case UAs, has a particular
interest since a part from being a sample that is obtained by a minimally
invasive collection method, it is in direct contact with the affected endometrium.
It has been already proved that UAs reflect better EC changes since they are
more enriched in molecules that are directly secreted by the diseased cells *; c)
isolated EVs from human biofluids are contemplated as a promising source of
biomarkers since their cargo is protected from degradation and, more
importantly, they may help solve the dynamic-range problem of the abundant
molecules present in human biofluids that often mask the detection of less
abundant metabolites that are usually the most promising candidates for
diagnostic purposes '%; d) The untargeted profiling of this research line was
carried out analyzing 4 different matrices in order to increase our chances to
detect potential diagnostic biomarkers. However, the validation of the
discovered biomarkers will be analyzed by targeted metabolomics only in
plasma samples, aiming to achieve the most simple, quick and non-invasive
diagnostic molecular signature. Since the MS-platforms used for discovery
purposes allow the detection of a large number of metabolites but just those
present at a minimum over a minimum concentration threshold, we
hypothesized that this approximation would have allowed the identification of
very low abundant biomarkers (overcoming the dynamic-range problem with the

use of UAs and EVs) that would be much more specific for EC. These
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biomarkers would be in a next step detectable in plasma samples since the
targeted platform that will be used in the validation phase will allow the
quantification of known biomarkers even when they are found at a very low

concentration.

In our study, we observed that plasma, plasma EVs, UA and UA EVs are

excellent matrices for the discovery of specific and sensible biomarkers. The

plasma based biomarker study yielded a panel with the highest specificity and
sensibility; we generated a panel of 13 metabolites that gave an AUC of 0.986.
Moreover, we generated a panel of 7 biomarkers with an AUC of 0.933 for UA;
a panel of 8 biomarkers with an AUC of 0.936 for the UA EVs; and a panel of 4
metabolites with an AUC of 0.767 for plasma EVs. For UA EVs, we observed
the best separation between the control and EC group in the PCA plots and

also in the heat maps. However, the results were very disparate among

matrices. In fact, just five common features were significantly dysregulated in
the four matrices, but no possible annotation for them was found. Additionally,
the metabolites verified in UA and UA EVs do not align with the ones confirmed
in plasma and plasma EVs probably because the expression of some of the
biomarkers was lost in circulation compared to their higher concentration in UA.
In UA and UA EVs we validated a large number of peptides while in plasma and
P EVs the metabolites most abundant were glycerophospholipids. P EVs
showed several markers of interest, however, many of these were not verified
since no possible annotation for them was found. Thus, although P_EVs

remains an untapped resource for low abundance biomarkers, the findings are

difficult to translate for clinical classification since many of these metabolites are

still unknown. Presumably, the development of EC diagnostic biomarker panels

needs to be initiated and validated in the same matrices.

Hence, our results show the value of using a high throughput metabolomics
approach for delineating biomarker panels that can be used to diagnose EC in
bodyfluids. These biomarker panels as standalone tests or in conjunction with
existing clinical methods can be used for patient management with high
accuracy. However, the ultimate transition of these biomarker panels for clinical
use will require validation with large and diverse cohorts and prioritization and

updating these panels to achieve higher specificity and sensitivity in order to
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minimize false positives. As a future step of our project, we will perform a
validation phase in plasma samples using a targeted multiple reaction
monitoring (MRM) approach in order to evaluate the biomarker panel specificity

for EC diagnosis.

Finally, in Chapter 3- “Metabolomic and lipidomic profiling identifies the
role of the RNA editing pathway in endometrial carcinogenesis”- we
focused our efforts on the study of the alterations that metabolic pathways
suffer in the tumor tissue during EC carcinogenesis and dissemination. As
previously mentioned in this thesis, several mass spectrometry proteomics
studies have been performed in the EC field *""3*'% put just one untargeted
study interrogating the metabolomic profile of EC has been published up to date
1 In our approach, we used a larger set of samples for the discovery and
validation phase compared to the mentioned study. Moreover, we did not just
validate our findings by IHQ but we also performed functional assays. Hence,
we used a global metabolomic profiling approach to analyze a set of samples
including 39 EC tissue specimens and 17 matched controls that revealed
significant changes of about 80 metabolites in EC. A subset of 42 metabolites
was validated by MS/MS revealing the dysregulation of several pathways in EC.
We found lipid anabolism and catabolism altered in EC, with the upregulation of
several PCs, PEs and Pls in the tumor tissue. Imbalances in the acyl analogs of
endocannabinoids concentration and in the end products of the kynurenine
pathway were also observed in the tumor. Some of these abnormalities have
been already described in EC for other scientific groups; Trousil et al. performed
a targeted metabolomic study in EC tissues and described metabolic alterations
in EC including significant increased levels of cholines and lipids ®. Also, Jové
et al. described the endocannabinoid and purine metabolism to be involved in
EC pathogenesis and myometrial invasion in endometrial tissues °'. The role of
the endocannabinoid system in gynecological cancer has become also focus of
research in the last years by some investigators %1%, Moreover, we described
significant changes in tumor progression such as alterations in the lipidome,
and increased concentration values of UDP-N-acetyl-D-galactosamine and

arachidonic acid at advanced EC stages. Aberrant cell-surface glycosylation
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has been reported to happen in many human cancers; and targeting cancer-

associated glycans may be a future anticancer therapeutic strategy "%,

A dysregulation of nucleoside inosine in EC was also observed in our discovery
and could be an indicative of an imbalance in the adenosine versus inosine ratio
(A/l), as reported also by Trousil et al. The underlying effect of alterations of the
endogenous levels of inosine had never been deeply investigated in EC.
Dysregulated levels of A/l ratio can be attributed to alterations in the adenosine
to inosine enzymes of the RNA editing pathway, known as ADAR family of
enzymes. Therefore, our group decided to focus on the study of the RNA editing
pathway and the ADAR family of enzymes in EC. The complete biological
connotation of ADARs function is still widely unknown. It has been reported the
existence of aberrant ADAR activity in a variety of diseases including cancer
192143 put no studies of ADARs in EC have been previously performed. Hence,
we described for the first time that ADAR1 and ADAR2 enzymes show
significant increased concentrations in EC tissue and that their levels increase
progressively with the tumor grade and malignancy. Additionally, in vitro assays
performed in 3 EC cell lines (HEC-1A, Ishikawa, RL95-2) confirmed that a
silencing of ADAR2 expression resulted in significant changes in the oncogenic
capabilities and in the aggressiveness behavior of EC cells lines including a
drastic decrease of cell viability and migration potential and an increase in the
apoptosis rate. We did not observe significant differences in the functional
assays when silencing ADAR1. On the whole, our investigation proposes that
ADAR2 acts as an oncogene in EC carcinogenesis and could be a potential
target for improving therapy strategies. On that account, the use of mass

spectrometry profiling approaches for the understanding of biochemical

perturbation and metabolomic pathway imbalances of a human disease may

have huge clinical translational relevance in furthering the personalized

medicine leadership and improving clinical outcomes. Moreover, underscoring

ADARSs physiological and pathological role may provide mechanistic insights in

the development of novel antitumor therapies.

In summary, in this thesis work we describe standardized metabolomic and
lipidomic MS approaches that can have big impact in translational clinics and

improving the outcome of EC patients, and also can be translated to other fields
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of research. Importantly, we highlighted the importance of the use of proximal
biofluids, specifically UA and EVs, in biomarker research and we opened a new
avenue for the identification of sensitive and specific EC biomarkers in
bodyfluids. Moreover, the data presented in this dissertation depicts a
significant advance in the understanding of the metabolic alterations that take
place in EC tumorigenesis. Apart from validating different metabolomics
pathways already reported in the EC carcinogenic process, our results and in
vitro models evidenced a novel oncogenic metabolomic pathway in EC, the
RNA editing pathway. This suggests that a deeper inspection of the ADARSs role
in EC may represent an attractive strategy for the development of new

therapeutic approaches.
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CONCLUSIONS

The main conclusions derived from this thesis are:

1. LC-MS is an ideal platform for the metabolomic profiling of EVs isolated
from human bodyfluids and cell culture media for studies with basic

science, clinical or translational focus.

2. The minimum starting volume of plasma for EVs isolation to produce high

quality metabolomic and lipidomic data is 500 pl.

3. Plasma, plasma EVs, UAs and UA EVs are excellent matrices for the
identification of new disease biomarkers. A total of 45, 9, 15 and 8 EC

markers were verified in each matrix, respectively.

4. Our approach demonstrated that high throughput metabolomics can be
used for delineating EC diagnostic biomarker panels. The plasma based
biomarker study yielded a panel of 13 metabolites with the highest
specificity and sensibility (AUC of 0.986). Additional ROC analysis
generated a 7 metabolite panel with an AUC of 0.933 for UAs; an 8
metabolite panel with an AUC of 0.936 for UA EVs; and a 4 metabolite
panel with an AUC of 0.767 for plasma EVs. These panels should be

now validated in a larger cohort of patients.

5. In an overall perspective, the metabolites identified and verified in UA-
based matrices were discordant with the ones identified and verified in

plasma-based matrices.

6. EVs derived from plasma showed several markers of interest in the

discovery phase, however, many of these were not verified since they
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could not be annotated. Thus, although EVs derived from plasma
remains an untapped resource for low abundance biomarkers, the
findings are difficult to translate for clinical classification since many of

these metabolites are still unknown.
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7. The metaboloprofiing of EC and healthy tissue elucidated the

dysregulation of the kynurenine pathway, the endocannabinoids
signaling pathway, the lipid metabolism and the RNA editing pathway.
These metabolomic alterations are associated to EC initiation and

progression.

The immunohistochemical analysis on 183 tissue samples permitted to
decipher that ADAR1 and ADAR2 are overexpressed in endometrial
cancer in a manner that their expression correlates with the tumor
histological type and grade. As increased is their expression, poorer

histological type and grade presents the patient.

Silencing of ADAR2, but not ADAR1, in three endometrial cancer cell
lines resulted in decreased proliferation rate, increased apoptosis, and

reduced migration capabilities in vitro.

10. This study demonstrated that ADAR2 functions as an oncogene in

endometrial carcinogenesis and could be a potential target for improving

EC treatment startegies.

11. The data presented in this dissertation depicts a significant advance in
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the understanding of the metabolic and lipidomic alterations that take
place in EC tumorigenesis and can have big impact in translational

clinics.
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