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Abstract

Ovarian cancer is considered to be the most lethal type of gynecological cancer. During the advanced stages of ovarian cancer, an
accumulation of ascites is observed. Fucosylation has been classified as an abnormal post-translational modification that is
present in many diseases, including ovarian cancer. Ovarian cancer cells that are cultured with ascites stimulation change their
morphology; concomitantly, the fucosylation process is altered. However, it is not known which fucosylated proteins are
modified. The goal of this work was to identify the differentially fucosylated proteins that are expressed by ovarian cancer cell
lines that are cultured with ovarian cancer patients’ ascites. Aleuria aurantia lectin was used to detect fucosylation, and some
changes were observed, especially in the cell membrane. Affinity chromatography and mass spectrometry (MALDI-TOF) were
used to identify 6 fucosylated proteins. Four proteins (Intermediate filament family orphan 1 [IFFO1], PHD finger protein 20-like
protein 1 [PHF20L1], immunoglobulin gamma 1 heavy chain variable region partial [IGHV1-2], and Zinc finger protein 224
[ZNF224]) were obtained from cell cultures stimulated with ascites, and the other two proteins (Peregrin [BRPF1] and
Dystrobrevin alpha [DTNA]) were obtained under normal culture conditions. The fucosylated state of some of these proteins
was further analyzed. The experimental results show that the ascites of ovarian cancer patients modulated the fucosylation
process. The PHD finger protein 20-like protein 1, Zinc finger protein 224 and Peregrin proteins colocalize with fucosylation
at different levels.
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Introduction

Ovarian cancer is considered to be the most lethal type of
gynecological cancer, despite ranking eighth in worldwide
cancer incidence. In Mexico, the reported incidence in
2018 was 4759 cases and a mortality of 2765 cases [1].
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Ovarian cancer can be classified into different histotypes;
nevertheless, epithelial ovarian cancer is the most com-
mon and the most lethal [2]. In the majority of ovarian
cancer cases, the cancer metastasizes into the abdominal
cavity, and the presence of tumor cells is frequently asso-
ciated with ascites accumulation [3]. This ascites
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accumulation is observed during the advanced stages [4]
and can contribute to transcoelomic metastasis.

Ascites is a highly heterogeneous fluid that contains a wide
variety of soluble factors and a mixture of cell populations,
including tumoral, stromal and immune cells [5, 6]. The com-
position of ascites from various origins has been analyzed by
different groups, and these analyses have demonstrated their
complexity and heterogeneity [7, 8]. Thus, given the diversity
of molecules found in it, ascites is a stimulus that could alter
various biological processes, among which, fucosylation may
be included. Typically, fucosylation and sialylation are termi-
nal carbohydrate chain-modifications of glycoproteins (which
means that fucose and sialyl are frequently located at the end
of the carbohydrate chain) [9, 10]. Fucosylation and
sialylation mediate biological functions and have also been
implicated in cancer [9, 11, 12].

An increase in the fucosylation of tumor cells contrib-
utes to several abnormal characteristics, such as a de-
crease in cellular adhesion and uncontrolled tumor growth
[13]. However, there is limited information on the func-
tion of fucosylation and/or the fucosylated status of gly-
coproteins during the development and progression of
ovarian cancer. More recently, Hu et al. [14] showed that
when the CD147 glycoprotein was modified by Lewis Y
antigen, the glycoprotein improved the survival capacity
of ovarian cancer cells by restricting autophagic cell
death; thus, CD147 plays an important role in the malig-
nant progression of ovarian cancer [14]. Additional stud-
ies on this antigen have shown that the overexpression of
Lewis Y antigen promotes the human epididymis protein
4-mediated invasion and metastasis of ovarian cancer cells
[15], p27 degradation by regulating ubiquitin-proteasome
activity in the CAOV-3 and SKOV-3 cell lines [16], and
chemotherapeutic resistance in ovarian cancer [17]. A few
examples of modified fucosylated proteins are haptoglo-
bin in several cancers, including ovarian cancer [18-20],
transferrin and alpha-fetoprotein in liver cancer [21, 22]
and thyroglobulin in thyroid cancer [23]. In particular,
previous results from our group have shown that the level
of fucosylation of haptoglobin increases with stage pro-
gression [19] and was found to be highly fucosylated in
different subtypes of epithelial ovarian cancer [20].

It has been confirmed that ascites can change the cellular
phenotype, and the ascites compounds that are produced by or
in response to malignant cells may be a good alternative to the
microenvironment in which malignant cells are immersed
[24]; these components could participate in the altered regu-
lation of different processes, including fucosylation. For this
reason, the goal of our work was to determine the differential-
ly fucosylated proteins in ovarian cancer cell lines cultured
with ascites stimulation. Experimental results have shown that
the ascites of ovarian cancer modulate the fucosylation pro-
cess since the profiles of the fucosylated proteins were altered
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in the ascites-treated SKOV-3 and OVCAR-3 cell lines. In
particular, among the differentially fucosylated proteins,
PHD finger protein 20-like protein 1, Zinc finger protein
224, and Peregrin were detected. Together, our results suggest
that ascites may favor tumor progression through the modifi-
cation of cellular processes, such as fucosylation.

Materials and Methods
Study Model

The SKOV-3 (ATCC HTB-77) and OVCAR3 (ATCC HTB
161) cell lines were used. The SKOV-3 model has been used
previously in our laboratory as described [24]. Briefly, SKOV-
3 cells were cultured in McCoy’s SA (Corning, 10-050-CVR)
culture medium (15 mL) supplemented with 10% fetal bovine
serum (Corning, 35-010-CV) and 1% penicillin/streptomycin
(PAA, P11-010) at 37 °C and 5% CO,. The culture was
grown until the cells reached 75% confluence. Then, the me-
dium was discarded for the subsequent addition of ascites
(15 mL). The cells were maintained under the ascites stimulus
at 37 °C and 5% CO, for the indicated time periods. The cells
that were maintained in the medium were used as a control.
OVCAR-3 culture was grown in RPMI 1640 (Corning, 10—
004-CM) culture medium supplemented with 10% fetal bo-
vine serum and bovine insulin (Millipore, 10516). The culture
was grown until the cells reached 75% confluence. Then, the
medium was discarded for the subsequent addition of ascites
(2 mL). The cells were maintained under the ascites stimulus
at 37 °C and 5% CO, for 24 h. The cells that were maintained
in medium were used as a control. The OVCAR-3 cell line
was employed only for use in immunofluorescence assays.

Biologicals Samples

Epithelial ovarian cancer (EOC) ascites were obtained from
patients diagnosed with epithelial ovarian cancer at the
Instituto Nacional de Cancerologia (INCan) under the approv-
al of the Scientific and Bioethical Committees (009/029/GOI)
(CB/549/09); before obtaining the samples, informed consent
letters were signed by the patients. The samples were used
based on the Declaration of Helsinki about the ethical princi-
ples of medical research involving human samples. The clin-
ical and pathological characteristics of the epithelial ovarian
cancer patients are described in Table 1.

Whole ascites were collected by medical personnel. Ascites
samples contaminated with blood were excluded from the
study. Approximately 100 mL was centrifuged at 1000 rpm
for 10 min to recover the supernatant and the cell pellet. Only
cell-free ascites (supernatants) were further employed for ex-
periments and were stored at —70 °C until use. Before use,
ascites were defrosted and warmed at room temperature.
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Table 1 Clinical and pathological characteristics of EOC patients
Characteristics % (n/N)
N=13

Age (Years)

Mean + SD 56.84+9.1

Median (Range) 56 (44-73)
CA 125 (U/ml)

Mean + SD 4507.02 +4649.85

Median (Range) 2330.35 (570.5-13,730.2)
Clinical Stage

Undetermined 7.69 (1/13)

1Ic 30.77 (4/13)

IVA 23.08 (3/13)

IVB 38.46 (5/13)
Histology

Undetermined 7.69 (1/13)

HGSP 84.62 (11/13)

Endometrioid 7.69 (1/13)
Status

Alive 53.85(7/13)

Dead 46.15 (6/13)

HGSP: High Grade Serous Papillary

Treatment of SKOV-3 Cells with Ovarian Cancer
Ascites A03 and Cellular Protein Extraction

At the end of the treatment time (24 h) of SKOV-3 cells with
ascites 03 and the control condition, the cultures were washed
with sterile 1x phosphate-buffered saline (PBS) and were sub-
sequently recovered using Cell Stripper Solution (Corning,
25-056-CI). Cell lysis was carried out using RIPA buffer
(5 mM Tris-HCI1, 2 mM EDTA, 50 mM NaCl and 1%
Nonidet P-40) with a cocktail of protease and phosphatase
inhibitors (1 mg/ml of aprotinin and leupeptin, and 1 mM of
PMSF, NaF, and Na;VOy,). Finally, the samples were quanti-
fied using a DC Protein Assay Kit (Bio-Rad, 500-0114).

Affinity Chromatography with Aleuria Aurantia Lectin
(AAL)

The purification of the fucosylated proteins was performed
using AAL coupled to an agarose resin (Vector Labs,
B-1393). The total protein extracts of SKOV-3 cells obtained
from the control or experimental conditions were incubated
with AAL for 16 h at 4 °C; afterward, the unbound proteins
were removed by washing with TBS-T (contained Tween 20),
while the fucosylated proteins bound to the resin were eluted
with 200 pl elution buffer for AAL (Vector Labs, ES3100).
The recovered fucosylated proteins were dialyzed using a di-
alysis membrane with a molecular weight cutoff of 8—12 kDa
(Spectrum laboratories, 3787-F15). Dialysis was performed

with 1x PBS while stirring at 4 °C for 48 h, and the 1x PBS
was changed four times.

SDS-PAGE and Overlay

The total protein extracts (50 pg) and fractions that were washed
and eluted from the affinity chromatography column were visu-
alized by 10% SDS PAGE. The gel was stained with a Silver
Stain Plus Kit (Bio-Rad, 161-0462, —0463, —0464). A replicate
of the gel was transferred to a nitrocellulose membrane. The
nitrocellulose membrane was incubated with Aleuria aurantia
lectin (Vector Labs, B-1395 1:2000 dilution in PBS) for 2 h at
room temperature. Afterward, the membrane was washed twice
with PBS-T (contained 1% Tween), and streptavidin alkaline
phosphatase (Vector Labs, S5512) was added to the membrane,
which was incubated for 1 h at room temperature. Again, the
membrane was washed twice with PBS-T (contained 1%
Tween). Finally, it was incubated with the NBT/BCIP substrate
(Vector Labs, SK5400) for development.

Confocal Microscopy Analysis

Briefly, SKOV-3 and OVCAR-3 cells were treated for differ-
ent time periods with different ascites. Afterward, the cells in
the ascites or culture medium conditions were fixed using 4%
p-formaldehyde (Sigma Aldrich, 6148) for 1 h at 37 °C. The
cultures were washed three times with 1x PBS and were then
blocked with 10% fetal bovine serum (Corning, 35-010-CV)
for 1 h at 37 °C; previously, some samples were permeabilized
with 0.2% Triton X-100, and the rest were maintained until the
next step. In the case of the colocalization assays, the corre-
sponding primary antibody was added (anti-PHD finger pro-
tein 20-like protein 1, Sigma Aldrich HPA028417; anti-Zinc
finger protein 224, Santa Cruz Biotechnology, sc-293,394;
anti-Peregrin, Santa Cruz Biotechnology sc-81,059) in a
1:50 dilution and incubated for 16 h at 4 °C. Then, the samples
were washed three times with 1x PBS. The cultures were
incubated with AAL-biotin (1:50 dilution, Vector Labs,
B-1395) for 1 h at 4 °C. Subsequently, the samples were
washed three times with 1x PBS, and then streptavidin-
fluorescein (1:200 dilution, Life Technologies, 43—-4311)
was added to the cultures, and the cultures were incubated
for 1 h at room temperature. The corresponding secondary
antibodies (anti-mouse Alexa Fluor 594, Invitrogen,
A21203 at a 1:100 dilution and anti-rabbit Alexa Fluor 647,
Abcam, ab150063 at a 1:300 dilution) were added together
with streptavidin-fluorescein. Negative controls were includ-
ed for each condition and were incubated only with
streptavidin-fluorescein and with or without the correspond-
ing secondary antibodies. The nuclei were stained with DAPI
(1:50 dilution, Molecular Probes, D1306) for 5 min at room
temperature. Finally, the samples were mounted with
VectaShield® mounting medium (Vector Laboratories,
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H-1000). The analysis and quantification of fluorescence (ar-
bitrary units of fluorescence) were performed using a Carl
Zeiss Microscope (Carl Zeiss LMS 700) and the microscope
software (ZEN 2012, Carl Zeiss Microscopy).

Mass Spectrometry (MALDI-TOF) and Protein
Identification

The samples were processed as described previously [24] with
some modifications. Briefly, peptide digestion was performed
using mass grade trypsin (Sigma-Aldrich, T 6567). The pep-
tide mass and identity were obtained using an Ultraflex TOF/
TOF (Bruker Daltonics, Germany) that was configured in a
delayed extraction mode and in reflectron mode. The peaks
produced by the autolysis of trypsin and the contamination
derivatives were excluded from the list. The monoisotopic
masses of the spectrum were used for protein identification
using the MASCOT v2.2 search engine (Www.matrixscience.
com). The search was carried out in the NCBI and/or
SwissProt DB. The search parameters were as follows: pep-
tide tolerance, 0.5—1 Da; and species, Homo sapiens. The
maximum number of enzymatic cuts lost was set at 1.

Bioinformatics Analyses

Bioinformatic analyses were performed using The Human
Protein Atlas, NetNGlyc and STRING 10.0 for protein-
protein interaction (PPI) networks and to propose the possible
functions exerted under our experimental conditions.

Statistical Analysis

For confocal microscopy images analysis, one-way ANOVA
in GraphPad Prism 7 was performed to determine changes
between each ascites time compared. A Bonferroni post hoc
test was applied to compare multiple groups. Pearson correla-
tion was used for colocalizing analyses.

The correlation analysis was performed for nonparametric
samples due to the size of the sample; therefore, the Spearman
correlation coefficient (r) was used, and the confidence inter-
vals were established at 85.7% due to the characteristics of the
population. The association was determined for clinical char-
acteristics, such as the levels of CA125 (U/ml), the histolog-
ical subtype, and the clinical stage. Additionally, we sought
the association with the progression-free period (PFS) and the
overall survival (OS) of the patients included in the study.
Both the clinical characteristics and the association with sur-
vival were made based on the level of fucosylation of the cell
membranes at 24 h; the fucosylation was induced by each of
the 13 ascites in the SKOV-3 and OVCAR3 ovarian cancer
cell lines. SPSS Ver 23, Inc., Chicago, III, US was employed
to analyze the data.
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Results

Membrane Fucosylation is Altered by Ascites
Stimulation

To determine if ascites were involved in the induction of
fucosylated proteins, SKOV-3 cells were stimulated with
different ascites that emulate the natural microenviron-
ment for malignant cells. Changes in protein fucosylation
were observed. The expression level of fucosylated pro-
teins in ascites-treated cells compared to those in the con-
trol conditions was analyzed by confocal microscopy.
SKOV-3 cells cultured in control conditions showed a
homogeneous distribution of fucosylation (Fig. 1, culture
medium, nonpermeabilized cells). When SKOV-3 cells
were permeabilized, they showed a perinuclear label for
this post-translational modification that seemed to colo-
calize with the nuclear label (Fig. 1, culture medium,
permeabilized cells). The morphology and fucosylation
intensity changed under ascites stimulation. Membrane
fucosylation (Fig. 1, nonpermeabilized, AO1, A02) de-
creased at 24 h, and this effect was more evident when
the cells were stimulated with ascites AO1, but the level of
fucosylation was reestablished at 72 h (Fig. 1;
Supplementary Fig. 1). However, fucosylation was not
completely lost; in the permeabilized cells, this glycopro-
tein modification was observed within the cytoplasm at all
times of stimulation (Fig. 1, permeabilized cells, AO1,
A02). To confirm that the effect of ascites on the
fucosylation level was universal, we analyzed the effects
of different ascites (10 different samples) on SKOV-3
cells (Supplementary Fig. 2a) and on the OVCAR-3 cell
line that was stimulated for 24 h (Supplementary Fig. 2b);
we also analyzed the effects of two different ascites on
Caco-2 and BEAS-2B cells that were stimulated for 24 h
(Supplementary Fig. 2d). We found that ascites stimulated
the fucosylation of all cells analyzed. The OVCAR-3 cell
line cultured without ascites showed a very discreet level
of fucosylation; however, when ascites-stimulated cells
were analyzed, 8 out of 10 ascites significantly increased
the membrane fucosylation levels (Supplementary
Fig. 2b). Morphology was also modified by ascites, which
induced the rounding of the cells and the formation of
spheroids (Supplementary Fig. 2c). These fucosylation
levels and the cell morphology were also modified in
Caco-2 cells and BEAS-2B cells (Supplementary
Fig. 2d). Taken together, these results confirm that in gen-
eral, ascites have the ability to modulate the fucosylation
process in different cell populations.

When correlation analyses were performed, no signifi-
cant correlations were found (Table 2); however, for
SKOV-3, an inversely proportional tendency was found
that correlated with the levels of fucosylation and the
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12 24
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Fig. 1 Fucosylation is modified due to ascites stimulation. SKOV-3 cells
were treated for different time periods with ascites from EOC patients
(A01 and A02) and were analyzed by confocal microscopy. Non-
permeabilized cells were employed to analyze membrane fucosylation,
and the permeabilized cells were used to analyze cytoplasmic

advanced clinical stages of the disease (CS III, IV) with
an r=-0.432. The levels of the CA125 tumor marker also
showed a slight, but direct, tendency to correlate with the
levels of fucosylation and had an r=0.309. On the other
hand, the OVCAR3 cell line showed a stronger and di-
rectly proportional tendency to correlate between the
fucosylation levels and the clinical stage with an r=

Table 2 Correlation analysis of fucosylation and clinical characteristics

48 72 Time (h)

pazijiqgeswsaduoN

A01

pezijiqeswiad

pazijiqgeawsaduoN

A02

pazijigeswaad

fucosylation. Fucosylation was detected by biotinylated Aleuria aurantia
lectin (1:200 dilution) and FITC-conjugated streptavidin (1:200 dilution).
The nuclei were stained with DAPI. The selected images are representa-
tive of three independent biological replicates

0.528. In this cell line, a directly proportional tendency
of association between CA125 and the fucosylation levels
was also obtained. In our study population, fucosylation
did not show any correlation with patient survival; how-
ever, in all cases, it will be necessary to increase the
sample size to determine or rule out the existence of an
association between these variables.

Correlation Matrix Spearman r

Histological Subtype Clinical Stage CA125 PFS oS
SKOV-3 Fucosylation 0.234 —0.432 0.309 0.129 0.042
85.7% C. L —0.355 to 0.641 —0.806 to —0.033 —0.302 to 0.741 —0.595 to 0.605 —0.674 to 0.605
p value ns* ns* ns* ns* ns*
OVCAR-3 0.078 0.528 0.382 0.031 0.079
Fucosylation
85.7% C.L —0.482 t0 0.451 —0.109 to 0.820 —0.465 t0 0.953 —0.291 to 0.481 —0.225 t0 0.481
p value ns* ns* ns* ns* ns*
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SKOV-3 Cells that Are Stimulated with Ascites
from Patients with EOC Have a Differentially
Fucosylation Protein Profile

Under normal culture conditions, SKOV-3 cells showed a char-
acteristic morphology, i.e., large cells with an abundant cyto-

plasm [25] (Fig. 2, culture medium, light microscopy). When
fucosylation was evaluated with Aleuria aurantia lectin (AAL)

a)

b)

Fig. 2 Purification of fucosylated proteins by affinity chromatography
with Aleuria aurantia lectin. SKOV-3 cells show a characteristic mor-
phology under control conditions (Light microscopy, right panel, 2a). In
SKOV-3 cells that were stimulated with ascites (light microscopy, left
panel, 2a), abundant mucus was observed (black arrow, light microscopy,
right panel, 2a), some large cells (black arrowhead, light microscopy,
right panel, 2a) and membranes with large protrusions (white arrow, light
microscopy, right panel, 2a). Fucosylated proteins were purified by
Aleuria aurantia lectin affinity chromatography; different fractions were
obtained and analyzed by 10% SDS-PAGE (2b). The overlay assay
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in cells maintained in culture medium, fucosylation was strongly
detected in the high molecular weight proteins (Fig. 2, 10%
SDS-PAGE; overlay-AAL, upper panel). On the other hand,
ascites-treated cells showed a much more accentuated spindle-
shaped morphology (Fig. 2, ascites, light microscopy), as has
been previously reported [24]. These morphological changes
were observed with the 13 different ascites tested in this work.
When overlay assays were performed, high molecular weight

Ascites

kDa TE UP_ E1 W1 W2 W3 W4 W5 W6
2

) =
250- : s
150- !
100- : - -
75- ]

kDa TE UP E1 W1 W2 W3 W4 W5 W6

250-
150-
100-
75-

50-
37-

25-
20-

shows fucosylation in TE, UP, E1, and W1 fractions (2c). Black arrow-
heads (*>): similarities between the control condition (left panel) and the
ascites-treated condition (right panel). Asterisks (¥): differences between
the control and experimental conditions. Arrowhead (<): similarities in
fucosylation between the overlay test and the polyacrylamide gel. Arrows
(1): fucosylated proteins that are present in the overlay but are not present
in the polyacrylamide gel. Dot (*): proteins that are present in the poly-
acrylamide gel but are not present in the overlay. TE: total extract; UP:
unbound proteins; El: eluate 1; W1-W6: washes
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fucosylated proteins were detected (Fig. 2, 10% SDS-PAGE,;
overlay-AAL, lower panel). Although there were some similar
bands in both conditions (black arrowheads, 10% SDS-PAGE,
upper and lower panel), there were also some marked differ-
ences (asterisks, 10% SDS-PAGE, upper and lower panel).
When comparing the pattern of fucosylated proteins, there were
some proteins detected by AAL that could not be seen in the
purification column (E1, 10% SDS-PAGE) (arrowheads, 10%
SDS-PAGE and overlay-AAL, upper and lower panels). In con-
trast, some bands that appeared in the purification assay (EI,
10% SDS-PAGE) were not observed with AAL (dot, SDS-
PAGE and overlay-AAL, upper and lower panels), suggesting
that these proteins were not fucosylated.

Identification of Fucosylated Proteins

To identify which proteins had altered fucosylation as a result
of ascites treatment, experiments were performed to purify the
fucosylated proteins by affinity chromatography, and the pro-
files of the fucosylated proteins were obtained. In general,
under ascites stimulation, more fucosylated proteins were ob-
served; this pattern was conserved among all three biological
replicates that were run in triplicate (Fig. 3). The protein pro-
file showed changes, especially in some high molecular
weight proteins (100-150 kDa) and in some low molecular
weight proteins (15-25 kDa). The high molecular weight pro-
teins were more visible in the control conditions (culture

SKOV-3 (W)

SKOV-3 (Affinity Chromatography)

kDa M

250-
150-

100-

35-

medium), and the low molecular weight proteins were more
enriched in the experimental conditions (ascites); these results
are highlighted in the extended right panels (Fig. 3). Thus, for
identification purposes, the proteins that were present in the
highlighted sections were chosen.

Enriched fucosylated proteins that showed differences
between both conditions were selected for their identifica-
tion by MALDI-TOF (Fig. 3, numbers in circle, assay 2).
The five following proteins were identified: Intermediate
filament family orphan 1 [IFFO1], PHD finger protein 20-
like protein 1 [PHF20L1], Peregrin [BRPF1], Dystrobrevin
alpha [DTNA], Zinc finger protein 224 [ZNF224], and an
immunoglobulin fragment (immunoglobulin gamma 1
heavy chain variable region, partial [[GHV1-2]). The main
mass spectrometry data are shown in Table 3. To determine
the post-translational modifications that might affect the
proteins, different databases were reviewed; it has been
reported that although some proteins can be phosphorylat-
ed or acetylated, fucosylation and glycosylation have not
been described. However, in silico analyses in the database
NetNGlyc showed many probable glycosylation sites, and
this makes fucosylation possible (Supplementary Fig. 3).

Fucosylation Levels are Different among Proteins

To validate that the proteins identified by mass spectrometry
were indeed fucosylated, three of them were further analyzed

Extension

o

Density Histogram

Extension Density Histogram

Assay 1

Fig. 3 Fucosylated proteins in SKOV-3 cells under control conditions
and treated with ascites. Whole protein extracts of SKOV-3 cells (W)
stimulated with ascites or in medium are shown in the first two lanes.
The subsequent lanes show the protein elution patterns of the fucosylated
proteins corresponding to E1 obtained from the control conditions (M)
and the experimental conditions (A); the proteins were selected from three

Assay 2 Assay3

independent biological replicates (assay 1-3). The amplified areas high-
light the differences in the conditions studied and the histogram of the
density of the amplified bands (darker lines correspond to the control
conditions, while-gray lines correspond to the experimental conditions).
Protein bands labeled with numbers 1-8 were selected for MS
identification
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Table 3  Proteins identified by mass spectrometry
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UniProt ID

Access ID

MW (e) MW (t) Score %

MW (g)

Gene

SequencesMatched  Protein

coverage

QOD2I5

gi[767,971,301
gi767,953,111

29

70
59
57
57
61

22 40.43 61.97
115.01
11.91
83.90

20

IFFO1

Intermediate filament family orphan 1 isoform X11

AZMW92

12
41

64.65

PHF20L1

PHD finger protein 20-like protein 1 isoform X12

10

3 Mixture 1

AOAOF7T6Q1

Q13499
P55201

2i[304,562,702

14.20
84.64

IGHVI-2 20
DTNA
BRPF1

Immunoglobulin gamma 1 heavy chain variable region

DTNA HUMAN
BRPF1_HUMAN

12

120
33
33

Dystrobrevin alpha

ZN224 HUMAN

137.49
82.28

139.06
84.90

Peregrin

10

5 QINZL3

14

61

ZNF224

Zinc finger protein 224

The first column shows the number corresponding to the selected protein (protein band, B) obtained from the selection shown in Fig. 3. The protein bands 6 and 7 were obtained from the control conditions

(M, medium)

M
ok

MW (g), SDS-PAGE was used to obtain the molecular weight; MW (e), experimental molecular weight; MW (t), theoretical molecular weight

" The number of matches, score, coverage percentage and access ID were obtained from Mascot 2.2

in both the SKOV-3 and OVCAR-3 cell lines. By confocal
microscopy, it was possible to confirm that they were
fucosylated by colocalization with AAL (Fig. 4, upper panel).
All of the proteins analyzed showed colocalization at dif-
ferent levels, and all of them showed even more
colocalization when the cells were incubated with ascites
(Fig. 4, intermediate panel), including Peregrin (a protein
identified from the control conditions). These results con-
firm the fucosylated state of these proteins and suggest that
ascites stimulates the fucosylation of the three proteins
(Pearson correlation coefficient was >0.5 in ascites condi-
tions). The same three proteins in OVCAR-3 cells were
analyzed, confirming that they were also fucosylated and
showed colocalization with AAL (Fig. 4, lower panel).

Protein-Protein Interaction (PPI) Network Analyses
of Fucosylated Proteins in SKOV-3 Cells

To understand the possible role of the identified proteins dur-
ing tumor progression, the STRING database was used to
generate an interaction network (Fig. 5). In addition, a detailed
search of all the identified proteins was performed. The pro-
teins that were identified to have a structural function were
Intermediate filament family orphan 1 and Dystrobrevin al-
pha; it was determined that the remaining proteins PHD finger
protein 20-like protein 1, Peregrin and Zinc finger protein 224
act as transcription regulators. An analysis of expression was
performed in The Human Protein Atlas database (https:/
www.proteinatlas.org); this analysis indicated that most
proteins, except for PHD finger protein 20-like protein 1 and
Zinc finger protein 224 (which have either moderate or high
expression levels), have low protein expression levels in dif-
ferent types of cancer tissues, including ovarian cancer.

Discussion

Ascites, the accumulation of fluid in the abdominopelvic cav-
ity, typically manifests in many types of advanced cancer,
such as colon, pancreatic, stomach, breast, lymphoma, lung,
and ovarian cancer [26, 27]. Usually, in the case of ovarian
cancer, ascites contains growth factors, cytokines, and lipid
mediators among other molecules [28, 29]. Together, these
components favor the tumor, and some spheroids and cells
can move through it, favoring metastasis [30, 31]. Actually,
the presence of ascites favors conditions that promote prolif-
eration, invasion, anti-apoptosis, chemoresistance and tumor
heterogeneity [32-34]; these characteristics are because the
cellular components then promote tumor growth, angiogene-
sis, and attenuate apoptosis [35-38].

The elements that conform to the different ascites are cru-
cial to understanding how these ascites regulate the cells; in
this case, the SKOV-3 and OVCAR-3 cell lines. However, it is
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PHF20L1 BRPF1 ZNF224
Colocalization Colocalization Colocalization
SKOV-3
Culture
medium
SKOV-3
Ascites
OVCAR-3
Ascites
Protein Pearson coefficient (rp)
SKOV-3 OVCAR-3
Culture medium Ascites Ascites
PHF20L1 0.27459 0.67679 0.53747
BRPF1 0.37953 0.54633 0.01598
ZNF224 0.1479 0.74366 0.51175

Fig. 4 Colocalization between identified proteins and fucosylation. For
the colocalizing assay, ascites 02 was employed for SKOV-3 cells, and
ascites A04 was employed for OVCAR-3 cells. Three of the proteins that
were previously identified were analyzed (in red). Aleuria aurantia lectin
was employed to follow fucosylation and is visualized in green. Merged

very difficult to define the composition of each of these asci-
tes. It is important to mention that IL-6 is usually found in
ovarian cancer ascites [39]. Moreover, IL-6 and IL-8 are
among the most abundant interleukins in ascites [40]. This is
relevant because there are some reports that have indicated
that the increased levels of fucosylation could be related to
the higher levels of IL-6 in pancreatic cancer cells [41]. IL-6
signaling in ovarian cancer can regulate tumor cell prolifera-
tion, invasion and angiogenesis [42—44]. Additionally, an el-
evation of TGF-[3, IL-6 and IL-8 act as oncogenic stimuli that
modulate the process of epithelial mesenchymal transition,
allowing invasion to occur more easily [35, 45]. To confirm
this hypothesis, it will be necessary to determine the IL-6
levels in our ascites samples.

As reported by Toledo-Leyva et al. (2018) [24], the pres-
ence of ascites changes the phenotype of SKOV-3 cells, and
this acquired phenotype (mesenchymal) is associated with in-
creased invasion and migration properties [46]. Fucosylation
is also modified, and this was demonstrated in this work, using
cell-free ascites; therefore, we can affirm that the alterations
observed in the fucosylation patterns are related to the soluble
factors present in ascites and not to overgrowth of ascites

images are shown, and the colocalization images are shown where the
white spots indicate the points of colocalization between each protein and
fucosylation. Pearson correlation was performed using the Zen 2.3
program

tumor cells. However, we cannot discard the role of soluble
immune modulators such as IL-6 or TGF-[3. Most likely, not
all ascites will induce the same change; however, at least for
ascites with time-tested kinetics, there seemed to be a tenden-
cy to decrease the membrane-associated fucosylation levels
(Fig. 1), whereas an increase in the cytoplasmic signal was
observed (Fig. 1).

However, in OVCAR-3 cells, increased membrane
fucosylation was observed (Supplementary fig. 2); this could
be related to the morphology and cell phenotype; indeed, it
has been reported that fucosylation could vary among cell and
tissue types [47]. Although the fucosylation profile might be
different, PHD finger protein 20-like protein land Zinc finger
protein 224 and Peregrin fucosylated proteins were also found
in OVCAR3 cells (Fig. 4). Nevertheless, it is possible that if
the membrane proteins were analyzed, we could find impor-
tant differences between these two cell lines in terms of their
fucosylated proteins. Thus, fucosylation can be an important
biochemical process for malignant cells.

We decided to use the SKOV-3 cell line because it is the
most representative cell line of ovarian cancer, and many ar-
ticles have used it as a reference. On the other hand, we
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Fig. 5 Interaction network of fucosylated proteins. Identified fucosylated proteins in our work (highlighted in red circles) were employed for the design
of an interaction network. The interaction network was obtained from STRING 10.0

noticed that the fucosylation of OVCAR-3 was mainly main-
tained in the membrane under all conditions of stimulation
with ascites; however, when the SKOV-3 cells were perme-
abilized, the fucosylation label was distributed throughout the
cytoplasm. The proteins identified by mass spectrometry were
analyzed in OVCAR-3, and it was found that at the
fucosylation colocalization points, the protein was located at
the plasma membrane; this is a situation that is not expected
for proteins with a nuclear function; thus all of these results
must be analyzed in depth. There are reports on nuclear and
cytoplasmic glycosylation. Several studies have also strongly
indicated that high-mobility-group proteins, important struc-
tural components of chromatin, are glycoproteins [48]. The
increased fucosylation of proteins with transcriptional regula-
tion functions would increase the protein size; this could be-
come an issue when the proteins are being transported inside
the nucleus to perform their functions. However, it has been
demonstrated that the neoglycoproteins BSA-fucose, BSA-
mannose and BSA-glucose are rapidly transported inside
the nuclei, whereas BSA itself is not [49]. This implies
that fucosylation facilitates the translocation to the nuclei
and maybe also towards other organelles. Sugar-mediated
nuclear transport appears distinct from the basic peptide-
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mediated NLS pathway [49]. This must be corroborated
with additional experiments.

According to the background in ovarian cancer and other
types of cancer, the fucosylation process is altered. Therefore,
we decided to evaluate the total level of fucosylation both, in
permeabilized and non-permeabilized cells. Typically this
type of glycosylation is normally established in the secretory
pathway and then presented on the cell surface in mammals.
We consider that regardless of whether fucosylation occurs in
the secretory pathway, the visualization of the level of intra-
cellular fucosylation could provide information on the total
levels of fucosylation. Moreover, given that we are studying
tumor cells, we believe that intracellular fucosylation could
reflect alterations in the mechanisms of membrane secretion
of fucosylated proteins, which do not move efficiently to-
wards the cell surface. However, we found that at least for
SKOV-3 cells, at 24 h the level of membrane fucosylation
(nonpermeabilized cells) was very low; therefore intracellular
fucosylation (permeabilized cells) was sought, all under the
same experimental conditions. Our results suggest that while
what we see inside the cell are proteins that have the mem-
brane as their final destination, for some reason they do not
reach it. In the same way, experiments with permeabilized
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cells allowed us to observe that although membrane
fucosylation did not increase drastically, total fucosylation
did so, suggesting an exacerbated fucosylation process and/
or a deficiency of the fucosylated protein secretory system.

Nevertheless, why is fucosylation important? Protein
fucosylation affects immune cell recognition, cell interactions,
and general biology [50-52]. FX is an important enzyme for
the de novo synthesis of fucose, and its deletion in mice in-
duced a defect that impaired the self-renewal capacity of bone
marrow hematopoietic stem cells [53]. In healthy conditions
in the human body, this post-translational modification is an
essential component of several blood group antigens, and it is
implicated in host microbe interactions and in numerous on-
togenetic events [54-58]. It also regulates cell adhesion mol-
ecules and growth factor receptors [59, 60]. Moreover, it has
been implicated in pathological conditions, including cancer,
where it has been shown to have a strong impact in different
ways; for example, it has been associated with multidrug re-
sistance in breast cancer cells [61], cell proliferation [62], cell
migration and tumor formation [63]. In addition, there are
reports that suggest that fucosylated glycans in neuroepithelial
cells are required to guide the migration of neurons in the
developing zebrafish hindbrain [64].

Additionally, some reports have indicated that a deficiency
in fucosylation leads to TRAIL-induced apoptosis resistance
[65]. TRAIL induces apoptosis in many types of human can-
cer cells but does not induce apoptosis in normal cells.
Therefore, a decrease in membrane fucosylation could disfa-
vor cell apoptosis as an evasion strategy.

Considering that there is enough literature describing the
heterogeneity among ascitic fluids, the characterization of
their content was beyond our reach. The purpose was to show
that, in general terms, most of these ascitic fluids induce
changes in the cells, which are relevant for the development
and progression of the tumor. Of the 10 ascitic fluids analyzed,
eight increased the level of fucosylation. These ascites are rich
in cells from many sources including immunological, tumor,
stromal, and other. However, as described in the materials and
methods section, we processed these ascites to obtain ascites
without cells before incubation with the cell lines. SKOV-3
cells that were stimulated with ascites for 72 h had a higher
expression of fucosylation that correlated with the change in
the phenotype acquired by these cells under ascites stimuli
(epithelial-to-mesenchymal transition), which may increase
the cellular migration. In fact, there are reports indicating that
fucosylation is important during migration [64]. On the other
hand, OVCAR-3 cells were also susceptible to ascitic fluids
and their stimulation induced an increase in fucosylation
levels. Moreover, OVCAR-3 cells showed a very different
morphology (Supplementary Fig. 1c¢) compared with that of
SKOV-3 cells stimulated with the same ascites. OVCAR-3
cells were rounded by ascites and, in some cases, the forma-
tion of spheroids was observed. This could also be related to a

higher migration capacity and may lead to the establishment
of a metastatic tumor. Additionally, high fucosylation in
OVCAR-3 could be an important feature that confers resis-
tance to cisplatin [66, 67].

OVCAR-3 cells were obtained from the malignant ascites
of a patient with progressive adenocarcinoma of the ovary,
and the cultured cells exhibit androgen and estrogen receptors
(ATCC HTB 161). SKOV-3 is an ovarian cancer cell line
derived from the ascites of a 64-year-old Caucasian female
with an ovarian serous cystadenocarcinoma (ATCC HTB
77). Both are ovarian cancer cell lines, but it has been de-
scribed that there may be cell-type and tissue-specific varia-
tions in glycosylation [68, 69].

At this time we do not dare to provide clinical relevance to
our results. We only present experimental results that could
become clinically relevant once a larger number of samples
can be analyzed. Moreover, when a correlation analysis was
made between the fucosylation and the different clinical char-
acteristics of the patients, no statistically significant differ-
ences were found, probably because the number of samples
is insufficient. However, we found an interesting association
between fucosylation and the clinical stage.

The identification of fucosylated proteins that are associat-
ed with particular diseases (in this case, ovarian cancer) opens
the possibility to analyze them for future applications. For
example, some of the fucosylated proteins have been
employed as biomarkers, such as haptoglobin and alpha feto-
protein, which are proteins that undergo central fucosylation,
and that are used as tumor markers in hepatocellular cancer
[70, 71]. Moreover, changes in the fucosylation of particular
proteins could affect their interaction with other molecules;
this would, in turn, alter their participation in different pro-
cesses, including cell adhesion, differentiation, and signaling
pathways. It is also known that these fucosylated antigens
facilitate the invasion and spread of tumor cells [72-75]. In
relation to cancer, a study conducted in 2016 by Mehta et al.
[76] showed that the increase in central fucosylation is asso-
ciated with the dedifferentiation of primary hepatocytes and
with the appearance of markers that are indicative of the tran-
sition of the cells from an epithelial to a mesenchymal state
[76]. Another study reported that the inhibition of the
fucosylation of annexin A4 inhibited cell proliferation in ovar-
ian clear cell carcinoma [77].

Studies with the serum of patients with ovarian cancer,
where the type of glycans found in the glycoproteins was
evaluated, found an increased expression level of tri- and
tetra-antennal oligosaccharides with variations in sialylation
and fucosylation [78]. Previous work in our laboratory has
shown that high levels of fucosylation occur in biopsies from
the tumors of patients diagnosed with EOC [20]. At the same
time, other groups have highlighted the relevance of
fucosylation in ovarian cancer (described above). Thus, we
hypothesize that the altered fucosylation of the proteins
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identified here affects their function. In this context, it is
known that some receptors and ligands lose their affinity,
and this leads to alterations in the signaling pathways in which
they participate [79]. Therefore, a more detailed analysis is
necessary regarding the effects of fucosylation on the structure
and function of the identified proteins, which are mainly tran-
scriptional regulators; this implies that the proteins need to
bind to specific protein domains to exert their functions [80].
The analysis of protein through the design of the net-
work (Fig. 5) was to support the possible role of the iden-
tified proteins during the progression of the tumor instead
of using them to understand the process of fucosylation
itself. Alterations at the glycan level in some proteins have
been used for therapeutic purposes, and this is one of the
current strategies for cancer treatment [81, 82]. The dele-
tion of a specific glycan or the modification of glycan
chains with fucose or sialic acid on the antibodies enhances
antibody-dependent cellular cytotoxicity, which is a key
pathway in the elimination of cancerous tissue [83—85].
In conclusion, our results suggest that ascites from
ovarian cancer patients are able to induce fucosylation
on different cell types. Therefore, our results may be the
foundation for further studies that will allow us to obtain
evidence that supports the use of this information in the
search for diagnostic biomarkers; our results may also be
a foundation for the discovery of possible therapeutic tar-
gets or biomarkers for cancer prognosis and progression.
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