Cellular Oncology
https://doi.org/10.1007/s13402-023-00778-w

RESEARCH

®

Check for
updates

In-depth quantitative proteomics analysis revealed C1GALT1
depletion in ECC-1 cells mimics an aggressive endometrial cancer
phenotype observed in cancer patients with low C1GALT1 expression
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Abstract

Background Endometrial cancer (EC) is the most common cancer of the female reproductive organs. Despite the good over-
all prognosis of most low-grade ECs, FIGO I and FIGO II patients might experience tumor recurrence and worse prognosis.
The study of alterations related to EC pathogenesis might help to get insights into underlying mechanisms involved in EC
development and progression.

Methods Core tumoral samples were used to investigate the role of CIGALT1 in EC by immunohistochemistry (IHC).
ECC-1 cells were used as endometrioid EC model to investigate the effect of CIGALT1 depletion using C1GALT1 specific
shRNAs. SILAC quantitative proteomics analyses and cell-based assays, PCR, qPCR, WB, dot-blot and IHC analyses were
used to identify, quantify and validate dysregulation of proteins.

Results Low C1GALT1 protein expression levels associate to a more aggressive phenotype of EC. Out of 5208 proteins
identified and quantified by LC-MS/MS, 100 proteins showed dysregulation (log,fold-change>0.58 or <-0.58) in the cell
protein extracts and 144 in the secretome of CIGALT1 depleted ECC-1 cells. Nine dysregulated proteins were validated.
Bioinformatics analyses pointed out to an increase in pathways associated with an aggressive phenotype. This finding was
corroborated by loss-of-function cell-based assays demonstrating higher proliferation, invasion, migration, colony formation
and angiogenesis capacity in CIGALT1 depleted cells. These effects were associated to the overexpression of ANXAL, as
demonstrated by ANXAI transient silencing cell-based assays, and thus, correlating C1GALT and ANXA protein expres-
sion and biological effects. Finally, the negative protein expression correlation found by proteomics between CIGALT1 and
LGALS3 was confirmed by IHC.

Conclusion CIGALTI stably depleted ECC-1 cells mimic an EC aggressive phenotype observed in patients and might be
useful for the identification and validation of EC markers of progression.
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1 Introduction

Endometrial cancer (EC) is the most common cancer of
female reproductive organs, in which cancerous cells lin-
ing the uterus might invade the neighboring myometrium,
or metastasize to lymph nodes, or distal organs, mainly
vagina, ovaries, and lungs [1]. Endometrial carcinomas can
be categorized according to their histologic type and grade
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of differentiation [2]. Endometrioid endometrial cancer is
the most common histologic type and can show various
grades of differentiation. Well-differentiated (low-grade or
G1/G2) endometrioid tumors demonstrate less than 50% of
solid non-squamous areas and represent the most commonly
diagnosed endometrial tumor. In addition, these low-grade
endometrioid tumors are associated with low risk of relapse
and metastasis [3, 4]. However, their high grade endo-
metrioid counterparts (G3) show more than 50% of solid
non-squamous areas, and are associated with high risk of
relapse and metastasis [5]. Aside from endometrioid tumors,
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other high grade (G3) histologic types encountered include
serous, clear-cell and undifferentiated carcinomas [4, 6].
According to the extent of the disease, ECs are classified
following the FIGO (International Federation of Gynecol-
ogy and Obstetrics) staging system [1, 6, 7]. Tumors con-
fined to the uterus and cervix are categorized as FIGO stage
I or II, while those tumors extending to lymph nodes or dis-
tant organs are considered FIGO stage III and IV categories
[6]. In addition, despite the good overall prognosis of most
EC patients, some FIGO I and FIGO II patients might also
experience tumor recurrence after surgery [8].

Glycosylation is one of the most common post-trans-
lational modifications of proteins [9]. Since glycans are
involved in different tumorigenic pathways, such as cell
signaling, angiogenesis, invasion, metastasis or immune
modulation, previous works have reported an important role
of aberrant glycosylation in cancer development [9-11].
O-linked glycosylation is mainly directed to the hydroxyl
oxygen of serine (S) and threonine (T) residues [10], and
is of great interest for the study of cancer progression and
development as many tumor-associated antigens are derived
from this process [9, 12]. In endometrial cancer, altera-
tions in the expression of GalNAc-T6 have been associated
with prognosis [13, 14]. In addition, increased levels of
O-GIcNAc glycosyltransferase enzymes have been associ-
ated with the grade of differentiation of these tumors [15,
16]. CIGALT1 (T-synthase or Core 183 Galactosyl Trans-
ferase) is a primary enzyme in the biosynthesis of core 1
O-glycans and catalyzes the transference of galactose to the
Tn Antigen (GalNAcal-Ser/Thr) [9, 12, 17], resulting in the
formation of the T Antigen (Gal1-3GalNAcal-Ser/Thr)
[17]. Both Tn and T antigen O-glycans have been described
as oncofetal antigens involved in the development of differ-
ent cancers [12, 18]. In addition, CIGALT1 has also been
associated with prognosis in other cancers [9, 19].

In this study, we have shown by immunohistochemis-
try (IHC) that the more aggressive ECs showed low pro-
tein expression levels of C1GALTI. These results were
confirmed at transcriptomic and proteomic level using
the CPTAC data. Thus, we aimed to analyze the effect of
CIGALT1 depletion in EC by quantitative proteomics. To
this end, ECC-1 cells were used as a model of endometri-
oid EC, and the effect of CIGALT1 depletion on these cells
using short hairpin RNAs (shRNA) was analyzed by SILAC
quantitative proteomics analyses. Forward and Reverse
SILAC experiments were performed for the identification
of changes in the cell extract and secretome proteomes asso-
ciated to the depletion of CIGALT1 in EC. In total, 5208
and 3616 proteins were identified and quantified in the cell
extract and secretome proteomes by LC-MS/MS, respec-
tively. Of them, 100 and 144 proteins showed dysregulation
with a log,fold-change>0.58 or <-0.58 in C1GALT]1 stably
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depleted ECC-1 cells’ extracts and secretomes, respectively.
Dysregulation of selected proteins was validated by PCR,
real-time quantitative PCR (qPCR), western blot (WB), dot
blot and immunofluorescence (IF) using cell extracts, sec-
retome and exosomes from the ECC-1 cell lines. Moreover,
loss-of-function cell-based assays confirmed the observed
association of low CIGALT1 expression with an aggres-
sive phenotype in EC by bioinformatics, demonstrating
the usefulness of the cell model mimicking an aggressive
phenotype of EC. In addition, ANXAI silencing reversed
partially the aggressive phenotype of shCIGALT1 ECC-1
cells. Finally, the association of LGALS3 (Galectin-3) dys-
regulation to C1GALT1 expression levels and EC grade was
confirmed by IHC.

2 Materials and methods

2.1 Tissue microarrays (TMA) and
immunohistochemistry (IHC)

79 patients diagnosed and surgically treated at University
Hospital La Paz between 2003 and 2015 were included in
the present study. Formalin fixed paraffin embedded (FFPE)
tissue blocks from radical hysterectomy specimens were
reviewed by an expert pathologist. From each tissue block 1
to 4 cores from viable tissue areas were obtained to build tis-
sue microarrays (TMA) [20]. Immunohistochemistry (IHC)
was performed on 4 pum tissue slices using specific antibod-
ies of CIGALT1 (1:100, SCBT #sc-100,745) and LGALS3
(1:100, Gennova #GAL3-388) on an OMNIS autostainer
platform (Dako). Afterwards, tissue cores were scored by
an expert pathologist. Cores were considered adequate
for analysis if at least 25% of tumoral tissue area per spot
was available for scoring. The percentage of cytoplasmic
CI1GALT1 or LGALS3 positive tumor cells was assessed
in an 11-tiered scale (ranging from 0 to 100% in 10% incre-
ments). In addition, the average CI1GALT or LGALS3
staining intensity was recorded in a 4-tiered scale (absent/
faint/moderate/intense). Finally, C1GALT or LGALS3
expression score was obtained by multiplying the percent-
age of expressing tumor cells by the average tumor staining
intensity.

2.2 CPTAC data, ssGSEA and bioinformatics analysis

Clinical, proteomic TMT-plex and transcriptomic data from
the UCEC-CPTAC study were accessed through LinkedO-
mics data portal [21, 22]. Samples with low tumor purity or
belonging to patients who had received neoadjuvant treat-
ment were removed from downstream analyses. In addition,
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carcinosarcomas were also discarded before proceeding
with the analysis.

Single-sample Gene Set Enrichment Analysis (ssGSEA)
was then performed using the GSVA R package (version
4.1) [23]. Gene Ontology, KEGG pathways and Human
Reactome gene set collections were accessed through the
msigdbr R package (version 7.4.1) [24]. Gene sets were
screened, retaining pathways associated with glycosyl-
ation, endometrial cancer and vascular remodeling. Fur-
ther, gene sets were filtered, and pathways that were weakly
represented in the proteome data (<4 members and <20%
of pathway members quantified) were removed from the
analysis. After pathway scoring, correlation between path-
way activity and C1GALT1 protein expression was assessed
using Pearson correlation coefficients.

STRING (version 11.0), Reactome Pathway Database
and DAVID (version 6.8) were used to study protein enrich-
ment and to identify the altered networks and pathways
in which proteins identified as dysregulated by CIGALT1
depletion are involved [25-27]. STRING settings were
fixed to MCL clustering enrichment 2 and 0.4 confidence
score. Venn diagram was obtained with R (version 3.6.2),
using “Venn” package.

2.3 Cells and C1GALT1 stably depletion

The epithelial ECC-1 cell line from the American Type
Culture Collection (ATCC; Manassas, VA) derived from an
endometrioid adenocarcinoma was used in this study [28,
29].

ECC-1 cells were stably depleted for CIGALT1 and
Scrambled using retroviruses constructed using the pSU-
PER.retro.puro vector system, as previously described
[30]. Three double-stranded hairpin oligonucleotides
designed to target the human C1GALT1 gene (shRNA tar-
get sequences (SEQ) 1 (CAAACACGTCAAAGCTACT),
2 (TAAGCAAAGAAGCCTTGAA), and 3 (TACAGATAT-
CAACCTACCT), cloned into pSUPER.retro.puro vector
were used. A scrambled sequence (GCGCGCTTTGTAG-
GATTCG) was used as a control.

2.4 Stable isotope labeling by amino acids in cell
culture (SILAC)

SCRAMBLE and shCIGALT1 ECC-1 cells were grown
in 10% FBS DMEM at 37°C and 5% CO, until 90% con-
fluence. ECC-1 cells were harvested with trypsin-EDTA
(Lonza), and two 25 cm? cell culture flasks (Corning, USA)
per cell line were seeded with 25,000 cells and incubated
24 h at 37°C and 5% CO, in 10% FBS DMEM (Dulbecco’s
modified Eagle’s medium). Then, SCRAMBLE and shC-
1GALT1 ECC-1 cells were separately incubated with 5 mL

of DMEM [12C6]—L-arginine and [12C6]—L—lysine (ROKO,
light medium, GeminiBio) or DMEM [13C6]-L—arginine and
[+455D,]-L-lysine (R6K4, heavy medium, GeminiBio) sup-
plemented with 10% dialyzed FBS (GeminiBio). Both cell
lines were labeled with heavy and light mediums to perform
label swapping SILAC forward and reverse experiments as
biological and technical replicates, as previously described
[31]. After 8 cell doublings to ensure >98% incorporation
of labeled amino acids, 2 x 10° labelled cells were seeded
in 25 cm? cell culture flasks (Corning, USA) and incubated
at 37°C and 5% CO, in ROKO or R6K4 supplemented with
10% dialyzed FBS until 90% confluence. Then, cells were
washed 3 times with PBS 1x and incubated 1 h with ROKO
or R6K4 medium without FBS to remove all traces of FBS.
Next, cells were washed 3 times with PBS 1x and incu-
bated 48 h 37°C and 5% CO, with 5 mL of ROKO or R6K4
DMEM-free serum. Then, conditioned media (secretomes)
were collected and centrifuged 5 min at 1200 rpm and RT to
remove cell debris. In addition, cells were harvested with 4
mM EDTA-PBS, centrifuged 5 min at 1200 rpm and lysed
with RIPA buffer to analyze the total cell extracts.

2.5 Trypsin digestion and fractionation

Secretomes and cell extracts were separately analyzed. For
each proteome analysis, two SILAC forward and reverse
experiments were analyzed. The forward experiment ana-
lyzed R6K4 shCIGALT1 ECC-1 cells and ROKO SCRAM-
BLE ECC-1 cells, whereas the reverse experiment compared
ROKO shC1GALT1 ECC-1 cells and R6K4 SCRAMBLE
ECC-1 R6K4, as biological and technical replicates.

For SILAC experiments, 40 pg of each protein extract
were pooled together, methanol-chloroform precipitated
and the 80 pg of proteins resuspended in 100 pL of 0.1 M
TEAB. Then, proteins were reduced with 10 pL 100 mM
tris(2-carboxyethyl)phosphine (TCEP, Sigma Aldrich) dur-
ing 45 min at 37°C and 600 rpm and alkylated with 11 pL
of 0.4 M chloroacetamide (Sigma Aldrich) during 30 min
at room temperature (RT) in darkness. Next, proteins were
digested in-solution with 3.2 pg of porcine trypsin (Thermo
Fisher Scientific) in 20 mM HEPES pH 8.0 at 37°C and
600 rpm during 14 h. The day after, samples were dried
under vacuum prior to separation using High pH Reversed-
Phase Peptide Fractionation Kit (Pierce). Desiccated sam-
ples were reconstituted in 300 pl H,O Milli-Q, TFA 0.1%,
applied to the columns and peptides fractionated according
to the manufacturer’s instructions. In total, twelve fractions
were obtained for each SILAC experiment, directly dried
under vacuum and stored at -80°C until analysis in LC-MS/
MS runs using a Q Exactive HF-X hybrid quadrupole-Orbi-
trap mass spectrometer (Thermo Fisher Scientific).
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2.6 LC-MS/MS analysis

Peptide separations were carried out on an Easy-nLC 1200
nano system (Thermo Fisher Scientific). For each analysis,
samples were loaded into a precolumn Acclaim PepMap
100 (Thermo Fisher Scientific) and eluted in a RSLC Pep-
Map C18, 15 cm long, 50 um inner diameter and 1.9 pm
particle size (Thermo Fisher Scientific). The mobile phase
flow rate was 300 nl/min using 0.1% formic acid in water
(solvent A) and 0.1% formic acid in acetonitrile (solvent B).
The gradient profile was set as follows: 0-35% solvent B for
124 min, 35-90% solvent B for 4 min, 20% solvent B for
17 min. Four microliters of each sample were injected.

For ionization, 1800 V of liquid junction voltage and
275 °C capillary temperature was used. The full scan method
employed a m/z 350—1700 mass selection, an Orbitrap reso-
lution of 70,000 (at m/z 200), a target automatic gain con-
trol (AGC) value of 3e6, and maximum injection times of
100 ms. After the survey scan, the 12 most intense precursor
ions were selected for MS/MS fragmentation. Fragmenta-
tion was performed with a normalized collision energy of
27 and MS/MS scans were acquired with a starting mass of
m/z 100, AGC target was 2e5, resolution of 17,500 (at m/z
200), intensity threshold of 8e3, isolation window of 2 m/z
units and maximum IT was 100 ms. Charge state screen-
ing was enabled to reject unassigned, singly charged, and
greater than or equal to seven protonated ions. A dynamic
exclusion time of 20 s was used to discriminate against pre-
viously selected ions.

2.7 MS data analysis

MS data were analyzed with MaxQuant (version 1.6.6.0)
using standardized workflows. Mass spectra *.raw files were
searched against Uniprot UP000005640 9606.fasta Homo
sapiens (human) 2019 database (20,962 protein entries,
downloaded: May 2019) using standard type. Trypsin/P
was specified as cleavage enzyme, allowing a mass toler-
ance of 20 ppm (Orbitrap). Precursor and reporter mass
tolerance were set to 4.5 ppm and 0.003 Da, respectively,
allowing 2 missed tryptic cleavages. Carbamidomethylation
of cysteines was set as a fixed modification, and methio-
nine oxidation, N-terminal acetylation and Ser, Thr and Tyr
phosphorylation were set as variable modifications. Unique
and Razor peptides were considered for quantification. Min-
imal peptide length and maximal peptide mass were fixed
to 7 amino acids and 4600 Da, respectively. Identified pep-
tides were filtered by their precursor intensity fraction with
a FDR threshold of 0.01. Proteins identified with at least
one peptide and an ion score above 99% were considered
for evaluation, whereas proteins identified as potential con-
taminants were excluded from the analysis.
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Proteins identified and quantified with one or more pep-
tides and a log,fold-change >0.58 or <-0.58 were selected
as dysregulated proteins by the depletion of CIGALTI in
ECC-1 cells (upregulated > 0.58, or downregulated <-0.58).
The fold change cutoff for dysregulated proteins was cal-
culated using a permutation-based test [32], as previously
done [33-35].

2.8 Exosome isolation and purification

Extracellular vesicles released by endometrial ECC-1 cells
were isolated via the differential centrifugation of the con-
ditioned media (secretome) [36]. In brief, five 175 cm? cell
culture flasks (Corning, USA) were seeded per cell line
and cells were grown until 90% confluence at 37°C and
under 5% CO,. To avoid exogenous exosome contami-
nation, cells were washed with PBS, incubated for 1 h in
FBS-free DMEM, washed with PBS, and incubated with
20 mL of DMEM without FBS for 48 h at 37°C under 5%
CO,. Then, 100 mL of conditioned medium per cell line
were centrifuged at 500 g for 5 min at 4°C to remove the
cell debris (pellet) and then centrifuged again at 2000 g for
10 min at 4°C to remove vesicles greater than 1 um (pellet).
Next, exosomes were purified by differential centrifugation
(Beckman-Coulter ultracentrifuge, XL-100 K, USA) [36].
Exosomes were analyzed by a NanoSight NS300 (Malvern
Panalytical, United Kingdom) and by transmission electron
microscopy using a FEI Tecnai 12 electron microscope to
verify the quality of the purified exosomes, as previously
described [36]. Exosomes were stored at -80°C until use.

2.9 PCR and real-time quantitative PCR (qPCR)

For RNA extraction, cell pellets from SCRAMBLE and
shC1GALT1 ECC-1 cells were incubated with 500 pL of
NZYol (NZYtech) during 5 min at RT for cell disaggrega-
tion, incubated with 100 puL of chloroform (Sigma Aldrich)
during 3 min at RT and centrifuged 15 min at 12,000 g and
4°C and the upper phase, containing the RNA, transferred to
a new tube. RNA samples were purified using the RNeasy
Mini Kit (Qiagen) following manufacturer’s instructions.
Purified total RNA was quantified with the Nanodrop
2000 C (Thermo Fisher).

cDNA was obtained from 1 pg of total RNA using the
NZY First-Strand ¢cDNA Synthesis Kit (NZYtech) fol-
lowing manufacturer’s instructions, and directly used for
the quantification of mRNA levels of selected genes after
CI1GALT1 depletion. PCR analysis was performed using
Phusion High-Fidelity DNA Polymerase (Thermo Scien-
tific) and the corresponding specific oligonucleotides (Sup-
plementary Table 3). qPCRs analyses were performed onto
the Light Cycler 480 (Roche) (40 cycles at 65°C) using the
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TB Green Premix Ex Taq II (Takara) and the corresponding
specific oligonucleotides (Supplementary Table 3). mRNA
levels of 18S were used for normalization.

2.10 Protein extraction and quantification

ECC-1 SCRAMBLE and shC1GALT1 cells were lysed in
500 uL of lysis buffer (RIPA, Sigma Aldrich) supplemented
with 1x protease and phosphatase inhibitors (MedChemEx-
press) using 16G and 18G needle syringes until homoge-
neity. Then, samples were centrifuged at 10,000 g and 4°C
during 10 min and protein extracts (supernatants) collected
and stored at -80°C until use. In addition, secretome proteins
were methanol-chloroform precipitated and re-suspended in
lysis buffer supplemented with 1x protease and phosphatase
inhibitors (MedChemExpress) prior to its use.

Protein concentration was determined by Trp quantifica-
tion method [37]. Protein concentration of exosomes was
quantified using a MicroBCA Protein Assay Kit (Thermo
Fisher Scientific, USA) following manufacturer’s instruc-
tions. For SDS-PAGE analysis, exosomes were lysed with
loading buffer containing 1.5% p-mercaptoethanol (five
cycles of 5 min on ice and 5 min at 95°C).

2.11 Western blot and Dot blot

For western blot (WB) analysis, 10-15 pg of each protein
extract were separated on 10% SDS-PAGE under reducing
conditions and transferred to nitrocellulose membranes at
100 V during 90 min. 40—60 pg of secretome proteins in 100
pL PBS were dot blotted onto nitrocellulose membranes
using the Bio-Dot 96-Well Microfiltration (Bio-Rad).

Then, membranes were blocked with 0.1% Tween PBS
Ix containing 3% skimmed milk (blocking buffer) during
1 h at RT and incubated with primary antibodies at opti-
mized dilutions (Supplementary Table 4) in blocking buffer
O/N at 4°C. Then, membranes were washed three times with
0.1% Tween PBS 1x and incubated with the appropriate
indicated HRP-conjugated secondary antibodies (Supple-
mentary Table 4) diluted in blocking buffer during 1 h at
RT. Next, membranes were washed three times with 0.1%
Tween PBS, and, finally, signal was developed using the
ECL Pico Plus chemiluminescent reagent (Thermo Fisher
Scientific) and detected on an Amersham Imager 680 (GE
Healthcare). Protein band intensities were quantified using
ImagelJ Software.

2.12 Immunofluorescence
For IF, ECC-1 cells were harvested with Trypsin-EDTA

(Lonza) and 1x10° cells were seeded per crystal slide
ON at 37°C and 5% CO,. Then, cells were fixed with 4%

paraformaldehyde for 20 min at 37 °C, washed 3 times with
PBS 1x and permeabilized with 0.1% Triton X-100 PBS
Ix for 10 min at RT. Cells were then washed 3 times with
PBS 1x, blocked with 10% FBS 0.1% Tween-20 PBS 1x
for 1 h at RT, and incubated with the corresponding anti-
body 1:50 diluted in 10% FBS 0.1% Tween-20 PBS 1x O/N
at 4°C (Supplementary Table 4). Then, cells were washed
3 times with PBS 1x and incubated with the appropriate
fluorophore conjugated secondary antibodies for 1 h at RT
(Supplementary Table 4), followed by incubation with 1 pg/
mL Hoechst (Hoechst 33,342 Solution (20 mM) Thermo
Scientific) 1:1000 diluted in 10% FBS 0.1% Tween-20 PBS
Ix for 15 min at RT. Cells were observed with a confocal
microscope (Leica TCS SP5, Leica Microsystems). Images
were acquired with a 63x oil immersion N.A. 1.2 objective
using the Leica Confocal Software (Las X). All images were
acquired in the same conditions (pixel size, z-stack size,
excitation laser power and detector sensitivity).

2.13 Cell-based assays

Cell-based assays of stably depleted C1GALT1 ECC-1
cells in comparison to SCRAMBLE ECC-1 cells were per-
formed as previously described [38—40]. In brief, prolifera-
tion assays were performed with the MTT reagent (Sigma
Aldrich). ECC-1 cells were harvested with Trypsin-EDTA
(Lonza) and 5x10° cells per well were seeded in 96-well
plates (Corning) in 10% FBS DMEM in quadruplicated.
The day after, growth medium was removed and 100 pL
of 5% FBS DMEM was added to each well, and incubated
during 72 h at 37°C and 5% CO,. Then, cells were incubated
at 37°C and 5% CO, for 1 h with 1 mg/mL MTT solution
in DMEM. Finally, MTT solution was removed; cells were
washed with PBS 1x and lysed with 50 pL of 100% DMSO
(Merck). Subsequently absorbance was read at 570 nm
using a Spark multimode microplate (TECAN).

For cell adhesive properties analysis, ECC-1 cells were
incubated in DMEM free serum during 24 h at 37°C and 5%
CO,. 96-well plates (Corning) coated with 100 uL 0.1 M
NaHCOj containing Matrigel matrix (Sigma Aldrich, 0.4 pg
/mm?) were incubated overnight (O/N) at 4°C. Then, 96-well
plates were blocked with 200 pL of sterile DMEM 0.5%
BSA (adhesion medium) during 2 h at 37°C and ECC-1 cells
separately stained with 1 mg/mL BCEBF (Sigma) diluted
1:100 in DMEM during 30 min at 37°C and 5% CO,. Next,
cells were harvested with 4 mM EDTA-PBS, and 1x 10°
cells in 50 pL of adhesion medium were transferred to each
pre-coated well with Matrigel in quadruplicate. Cells were
incubated for 2 h at 37°C and 5% CO,, and, then wells were
washed twice with 100 uL PBS 1x to remove non-attached
cells. Finally, attached cells were lysed with 50 pL of 10%
SDS in PBS, and fluorescence signal read at 436-535 nm
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excitation-emission, respectively, with the Spark multimode
microplate (TECAN).

For invasion analyses, 6.5 mm transwells with 8.0 pm
Pore Polycarbonate Membrane Inserts (Corning) were
placed onto 24-well plates (Corning) and coated with 50 uL
of Matrigel matrix diluted in 1:3 in DMEM and incubated
at 37°C for 1 h. ECC-1 cells were harvested with Trypsin-
EDTA (Lonza) and 1 x 10° cells were re-suspended in 100
pL sterile adhesion medium and transferred to pre-coated
transwells, in duplicate. As chemoattractant, 700 uL of 10%
FBS DMEM was used. Then, cells were incubated during
22 h at 37°C and 5% CO,. Non-invading cells and Matri-
gel were removed from the upper surface of the transwells’
membrane, and invasive cells on the lower membrane were
fixed with 1 mL of 4% paraformaldehyde for 1 h at RT.
Finally, cells were stained with 1 mL of 0.2% crystal violet
25% methanol during 30 min at RT, washed several times
with Milli-Q H,O (H,0Omq) to remove dye traces, photo-
graphed with the DMil Microscope (Leica) and counted
with ImagelJ program (Fiji).

The migratory capacity of ECC-1 cells was evaluated
using 2-well silicone inserts (Ibidi). Inserts were placed on
24-well plate (Corning). Then, ECC-1 cells were harvested
with Trypsin-EDTA (Lonza), 2.5x10° cells were resus-
pended in 70 pL of 10% FBS DMEM, seeded in each well
of the inserts and incubated O/N at 37°C and 5% CO,. Each
cell line was analyzed in duplicate. The next day, inserts
were removed, and 1 mL of 10% FBS DMEM was added
to each well and the wound monitored on a Thunder imager
(Leica) at 37°C and 5% CO, by snapshotting the wounds
every hour for 48 h. Finally, images were processed with the
Imagel] program (Fiji) and the MRI Wound Healing Tool.

For colony soft agar assay, sterilized 5% and 0.5% noble
agar in H,Omq was used. 2 mL of 5% noble agar solution
1:10 diluted in 10% FBS DMEM were solidified on 6-well
plates during 15 min at RT. Subsequently, ECC-1 cells were
harvested with Trypsin-EDTA (Lonza), and 25,000 cells in
1 mL of 10% FBS DMEM were 1:2 diluted in 0.5% noble
agar solution, and placed onto the solidified agar in dupli-
cate. Cells were incubated at RT for 30 min to allow agar
solidification, and then incubated at 37°C and 5% CO, for
4 weeks for colony formation. 100 pL of 10% FBS DMEM
were added to each well once a week. Wells were photo-
graphed with the DMil Microscope (Leica) and colonies
counted with ImageJ program (Fiji).

Human umbilical vein endothelial cells (HUVEC) cells
were used for tube formation assay using the secretome
of shCIGALT1 and SCRAMBLE ECC-1 cells harvested
after 48 h of incubation in Endothelial cell growth medium
2 (EGM-2) supplemented with growth factors (Hydrocor-
tisone, hFGF-B, VEGF, R3-IGF-1, Ascorbic acid, hEGF,
GA-100 and Heparin) without FBS. HUVEC cells were
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grown at 37°C and 5% CO, until 90% confluence in 10%
FBS EGM-2 medium, and incubated 24 h in complete
EGM-2 medium without FBS. 96-well plates were coated
with 30 uL of Matrigel matrix (Sigma Aldrich) per well and
incubated 1 h at 37°C. Then, HUVEC cells were harvested
with trypsin-EDTA (Lonza) and 20,000 or 40,000 HUVEC
cells were seeded per well in EGM-2 medium without
FBS and 1/2 diluted with the secretome of shC1GALT1 or
SCRAMBLE ECC-1 cells. Plates were incubated at 37°C
and 5% CO, during 6 h, and tube formation was monitored
each 2 h with the DMil Microscope (Leica). Images were
processed with the ImageJ program (Fiji) and the angiogen-
esis analyzer tool.

2.14 Transient ANXAT1 Silencing

For transient ANXA1 silencing, transfection was performed
in 6-well plates using the jetPRIME reagent (PolyPlus
Transfection) with, alternatively, ON-TARGETplus Human
ANXAT (301) siRNA (J-011161-07-0010; Dharmacon) or
control siRNAs (SIC001; Sigma-Aldrich) on shC1GALT1
and SCRAMBLE ECC-1 cells, according to established
protocols [41, 42]. Briefly, 2.5x 10° cells were transfected
with 22 pmol siRNA using 2 pl of JetPRIME Transfection
reagent and 100 pl of JetPRIME buffer (PolyPlus Transfec-
tion). Then, 48 h after transfection, cells were analyzed by
PCR, qPCR and WB. Alternatively, 24 h after transfection
cells were used for indicated cell-based assays as above.

3 Results
3.1 C1GALT1 IHC evaluation and CPTAC scoring

A total of 159 out of 178 cores from 79 EC patients, which
represents all major histologic EC types, were considered
adequate for cytoplasmic C1GALT1 expression assess-
ment by IHC. Out of the 159 cores, 101 (63.5%) belonged
to endometrioid histology, 30 (18.9%) were serous and the
remaining 28 (17.6%) belonged to clear cell or undifferen-
tiated histology. Among endometrioid carcinoma cores, 65
(64.4%) belonged to low grade (FIGO grade 1 or 2) car-
cinomas, while 36 (35.6%) were high grade. C1GALTI
score varied across histologic types, with endometrioid
tumors displaying the highest protein expression (median
C1GALT1 IHC score=200). On the other hand, aggres-
sive histologic variants (clear cell, serous and undifferenti-
ated) showed lower C1IGALT1 IHC scores (p value<0.001)
(Fig. 1 A). In addition, CIGALT1 expression negatively
correlated with tumor grade. This finding was also detected
when analyzing endometrioid tumors independently.
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Fig. 1 Analysis of CIGALTI expression in endometrial cancer. A,
Immunohistochemistry analysis of 159 EC tissue samples - endometri-
oid (63.5%), serous (18.9%) and clear cells or undifferentiated (17.6%)
histology- showed a downregulation of CIGALT1 expression in paral-
lel to the aggressiveness of EC. B, CPTAC-UCEC study composed
by 97 tumor samples (83 endometrioid, 13 serous and 1 clear cell

Next, data from the CPTAC-UCEC study were ana-
lyzed to further verify the CIGALT1 protein expression
in an independent cohort of 97 EC samples. Among them,
83 were classified as endometrioid (85.6%), 13 (13.4%) as
serous and one as clear cell carcinoma (1%). /n silico analy-
sis of CIGALTI protein expression measured by quantita-
tive TMT-proteomics resulted in similar results to our IHC
assessment (Fig. 1B). First, serous carcinomas showed
significantly lower CIGALT1 protein expression com-
pared with endometrioid carcinomas (median C1GALT1
expression = -0.37 vs. 0.385). Second, a significant trend
towards lower CIGALT! expression in high grade tumors
was also evident, in spite of this association being less
obvious and non-significant when analyzing endometrioid
tumors independently. In addition, transcriptomic data from
the CPTAC cohort further supported CIGALT1 expression
findings (Fig. S1). Median CIGALT mRNA expression
was significantly lower in serous carcinomas compared to
endometrioid tumors. Similarly, high-grade tumors showed
a non-significant lower C1IGALT mRNA expression trend
compared to their low-grade counterparts.

Finally, morphologic assessment of CIGALT1 IHC
staining characteristics revealed three different staining
patterns (Fig. 1 C). First, a small subset of samples (2/159
cores) demonstrated a complete absence of CIGALT1 pro-
tein expression. Second, nearly half of samples (74/159
cores) showed variable CIGALT1 protein expression levels

samples) confirmed the downregulation of CIGALT1 expression in
aggressive EC. C, Morphologic assessment of CIGALT1 IHC staining
revealed according to the protein staining pattern, a complete absence
(1.25%), a variable expression without polarity (46.54%) and an api-
cal-side polarized expression (52.2%) of CIGALT1. *, p value<0.05;
** pvalue<0.001; ¥** p value<0.0001; **** p value<0.00001

without evident protein expression polarity within the cell.
Finally, 83 out of 159 cores demonstrated that CIGALT1
protein expression was polarized towards the apical side
of the tumor cell. Noticeable, cores showing polarized
CIGALT1 expression demonstrated higher C1GALT1
IHC scores compared to non-polarized expressing samples
(median 200 vs. 95, p value<0.001).

Collectively, these results analyzing 176 EC samples
—79 EC patients from the University Hospital La Paz cohort
and 97 EC patients from the CPTAC cohort- demonstrated
an association of low C1GALT1 protein expression with an
aggressive EC phenotype.

3.2 Identification of dysregulated proteins
associated with C1GALT1 depletion

We next proceeded to analyze by quantitative proteomics
the effect of CIGALT1 depletion on endometrioid ECC-1
cells as a model of aggressive EC phenotype for the elucida-
tion of new mechanisms underlying the disease.

First, depletion of CIGALT1 in ECC-1 cells using three
different shRNAs was efficiently achieved as observed by
PCR and WB (Fig. 2 A). shRNA SEQ2 was able to induce
the highest silencing of CIGALT1 either at mRNA or pro-
tein level. ECC-1 stably CIGALT! depleted cells with
shRNA SEQ2 (shC1GALT1) were used to characterize their
proteome in comparison to control cells (SCRAMBLE) to

@ Springer
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Fig. 2 Proteomic and bioinformatics
analysis of CIGALT1 depletion in ECC-1
cells. A, PCR and WB analysis confirmed
the efficient depletion of CIGALT1
achieved with the three shRNAs. B,
Scatter plot proteins identified in the cell
extract and secretome by LC-MS/MS
after SILAC labelling. Ratios among pro-
teins in the heavy and light versions were
used as fold-change. The x-axis is log,
fold change H/L for the forward experi-
ment; the y-axis is log, fold change H/L
for the reverse experiment. Vertical black
lines represent 0.58-log,fold expression
difference in the forward experiment,

and horizontal black lines represent
0.58-log,fold expression difference in the
reverse experiment. Proteins differentially
expressed in the forward and reverse
experiments are represented in green
(upregulated) and red (downregulated).
H, heavy; L, light. C, Venn diagram of
the 227 differentially expressed proteins
identified and quantified in the cell extract
and secretome by LC-MS/MS analysis;
with 17 proteins commonly dysregulated
in both cellular components. D, String
analysis of the 227 dysregulated proteins
by C1GALT1 depletion revealed 24
different clusters of interaction contain-
ing three or more proteins and closely
related to cancer development. Proteins
not contained in any cluster were not rep-
resented. E, ssGSEA analysis of the more
relevant glycosylation (35) and angio-
genesis (27) related pathways associated
to dysregulated proteins. A significant
FDR correlation with CIGALT1 proteins
expression was observed for 33 of the 63
pathways scored
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get a better understanding of the molecular and functional
pathways altered in this cellular model of aggressive EC.

Then, Forward and Reverse SILAC experiments were
performed; and whole protein extracts and the secretome
of shC1GALT1 and SCRAMBLE ECC-1 cells analyzed.
After metabolic labelling of s\C1GALT1 and SCRAMBLE
ECC-1 cells, proteins were analyzed by mass spectrometry.
Following normalization and considering together Forward
and Reverse experiments, 4012 and 5902 proteins were
identified, with 3616 and 5208 proteins quantified from the
secretome and the cell extracts, respectively (Supplemen-
tary Tables 1-2).

Proteins with a log,foldchange>0.58 (upregulated) or
<-0.58 (downregulated) in shCIGALT1 cells in compari-
son to SCRAMBLE’s were further analyzed to elucidate
the pathways altered in aggressive ECC-1 cells. Proteomic
analysis of the secretomes showed 67 proteins upregulated
and 77 downregulated, and 14 and 86 proteins in the cell
extract of shCIGALT1 (Fig. 2B). Among them, 5 upreg-
ulated and 12 downregulated proteins were observed in
common in both cellular components, which should be of
further interest for the study of the disease (Fig. 2 C, Supple-
mentary Tables 1-2).

In addition, gene ontology analysis was performed with
DAVID to obtain the main cellular localizations of dys-
regulated proteins (p value<0.02, Fig. S2). As expected,
secretome dysregulated proteins were mainly found in the
extracellular space and exosomes and involved in focal and
cell-cell adhesion. On the other hand, proteins observed as
altered in the cell extract analysis showed a more diverse
distribution with cytoplasmic, nucleus, membrane, endo-
plasmic reticulum, and exosome as the top observed local-
izations (p value <0.02). These results confirmed the correct
spatial distribution of the dysregulated proteins found.

3.3 Bioinformatics analysis

We performed a bioinformatic analysis to identify pathways
and clusters of interaction taking together the dysregulated
proteins in both compartments. The 227 unique proteins
out of 244 dysregulated proteins identified from the sec-
retome and cell extract analysis (76 upregulated and 151
downregulated proteins in both compartments) were ana-
lyzed using STRING and Reactome databases to identify
altered pathways. STRING revealed 24 clusters of interac-
tion composed of three or more interacting proteins, high-
lighting gene expression, cell adhesion, extracellular matrix
organization and metabolic processes (Fig. 2D). Reactome
analysis of dysregulated proteins in the cell extract of shC-
IGALT1 ECC-1 cells showed significant pathways encom-
passing most of these proteins, such as metabolism, gene
expression, and cell death signaling (p value<0.05, Fig.

S3A). In addition, proteins dysregulated in the secretome
were involved in extracellular matrix organization, sig-
nal transduction, cell-cell communication or transport (p
value <0.05, Fig. S3B).

Next, ssGSEA performed with CPTAC data scored 63
pathways, where 35 dysregulated pathways were related to
glycosylation, 27 to angiogenesis and 1 to endometrial can-
cer. Importantly, 33 out of the 63 scored pathways displayed
a significant FDR corrected correlation with CIGALT pro-
tein expression (FDR <0.05) (Fig. 2E), demonstrating an
important role of CIGALT1 in EC. Most of these correlated
pathways (27/33) were related to glycosylation processes.
The remaining pathways were associated with vascular
remodeling, vessel maturation and angiogenesis. The two
vascular remodeling related pathways were positively cor-
related with CIGALT1 protein expression, while pathways
associated with vessel maturation and endothelial cell
migration were negatively correlated.

3.4 Validation of the dysregulation of selected
proteins in shC1GALT1 ECC-1 cells

After bioinformatics analysis, nine proteins with the high-
est and lowest fold-change values were selected for further
validation (Table 1) at mRNA and protein level.

First, by semi-quantitative PCR and qPCR, we found
diminished mRNA levels of DNMT3A, ERCC3 and NCOA1
in shC1GALTI in comparison with SCRAMBLE ECC-1
cells; whereas mRNA levels of ANXAI, COL4A3BP,
JAGI1, LGALS3, MALT1, and PCSK9 were upregulated in
CIGALTT1 depleted cells (Fig. 3 A,B). In addition, the total
protein content of shC1GALT1 and SCRAMBLE ECC-1
cells analyzed by WB showed lower levels of NCOAI,
DNMT3A and ERCC3 and higher levels of MALTI,
ANXA1, PCSK9, COL4A3BP, JAG1 and LGALSS3 in shC-
IGALT]I cells (Fig. 3 C). Interestingly, a second band for
COL4A3BP (lower than 55 kDa) was only observed in the
shC1GALTI cell extracts, which might represent the aber-
rant glycosylated form of COL4A3BP. Importantly, these
results were in concordance with the previous mass spec-
trometry data, confirming their dysregulation in C1GALT1
depleted ECC-1 EC cells, and suggesting a potential role of
these proteins in the development of aggressive ECs.

Moreover, we analyzed shC1GALT1 and SCRAMBLE
ECC-1 cells by IF to investigate for alterations in the local-
ization of selected proteins under native conditions. ANXA1,
LGALS3, PCSK9 and COL4A3BP were overexpressed,
whereas NCOA1 was downregulated in shC1GALT1 cells
(Fig. 3D), as previously observed. In addition, we observed
differences in the localization of ANXA1 and PCSK9 when
silencing CIGALT1. ANXAI1 expression was increased
in the cytoplasm of shCIGALT1 cells, whereas PCSK9
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Table 1 Dysregulated proteins in the cellular extract and/or the secre-
tome of shC1GALT1 ECC-1 cells selected for validation

Cellular Dysregula-
component  tion

Protein Protein Gene names

IDs names
P04083

Annexin Al  ANXAI1 Cell extract, Upregulated

Secretome
Cell extract, Upregulated
Secretome

Q9Y5P4  Collagen COL4A3BP
type IV

alpha-

3-binding

protein

DNA DNMT3A Cell extract Downregu-
(cytosine- lated
5)-methyl-
transferase
3A
Galectin-3
Mucosa-
associated
lymphoid
tissue
lymphoma
translocation
protein 1
Nuclear NCOA1 Cell extract Downregu-
receptor lated
coactivator 1

QIY6K1

P17931
QIUDYS$

LGALS3
MALTI1

Cell extract Upregulated

Secretome  Upregulated

Q15788

Q8NBP7  Proprotein PCSK9 Secretome
convertase
subtilisin/

kexin type 9

Upregulated

P78504 Protein JAGI Secretome
jagged-1

TFIIH basal ERCC3 Cell extract Downregu-
transcription lated
factor com-

plex helicase

XPB subunit

Upregulated

P19447

expression shifted from a more cytoplasmic localization
to the plasmatic membrane after CIGALT1 depletion. Fur-
thermore, phalloidin staining was performed to analyze the
expression of actin filaments (F-actin) in ECC-1. A higher
phalloidin staining was observed in shC1GALT1 cells, sug-
gesting that ECC-1 cells are more dynamic, and confirming
the aggressive phenotype of ECC-1 cells after CIGALT1
depletion.

Next, levels of dysregulated proteins in the conditioned
medium (secretome) of shCIGALT1 and SCRAMBLE
ECC-1 cells were analyzed by dot blot. All upregulated pro-
teins in the secretome of depleted cells by LC/MS-MS were
also observed upregulated in shCIGALT1 ECC-1 cells,
confirming previous proteomics data (Fig. 3E).

Finally, we further analyzed the protein content of exo-
somes secreted by these cell lines to investigate the potential
role of selected proteins in cell communication and metas-
tasis. As previously observed in the secretome and cell
extract, ANXA1, COL4A3BP, LGALS3 and MALT1 were
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found upregulated in exosomes secreted by shCIGALT1
cells. Interestingly, ERCC3 and NCOA1 were overex-
pressed and PCSK9 levels were decreased in exosomes
secreted by silencing cells, in contrast to the dysregulation
observed in the cell extracts and secretome of shC1GALT1
cells (Fig. 3 F).

3.5 C1GALT1 depletion increase the aggressiveness
of EC cells

Since results pointed out to a more aggressive phenotype
upon C1GALTI1 depletion, we performed loss-of-function
in vitro cell-based assays to confirm the involvement of
CIGALTI low expression in the increase of tumorigenic
and metastatic properties of ECC-1 cells. To that end, stable
depleted shC1GALT1 ECC-1 cells were used to survey for
changes in adhesion, invasion, wound healing, prolifera-
tion, colony formation and angiogenesis in comparison to
SCRAMBLE control ECC-1 cells.

First, sShACIGALT1 cells possessed a statistically signifi-
cant higher adhesion and invasion capacity, and a 1.25-fold
increase in their migratory ability (Fig. 4 A, S4A). More-
over, shC1GALT1 cells showed a statistically significant
higher proliferation and a slight significant increase in their
colony-forming ability in comparison with SCRAMBLE
cells (Fig. 4B, S4B). Furthermore, tube formation assays
revealed a notable higher angiogenesis ability of shC-
IGALT1 ECC-1 cells, provoking a significant larger num-
ber of junctions, segments, meshes and branches, and longer
tubes than SCRAMBLE cells (Fig. 4 C).

These results confirmed the in vitro association of
CIGALT1 with dysregulation of vascular remodeling, ves-
sel maturation and endothelial cell migration, already shown
by ssGSEA using EC samples in this paper. Collectively, we
demonstrated the association of low CIGALT1 expression
with an increase in tumorigenic and metastatic properties of
ECC-1 cells, and thus, with a more aggressive phenotype of
EC, confirming IHC and CPTAC-UCEC data.

3.6 Correlation of C1IGALT1 and ANXAT1 protein
expression and biological function

Accumulated evidences indicate that the ubiquitous 37-kDa
ANXA1 protein dysregulation is associated with tumor
development, progression, and invasion in different cancer
types [43, 44]. Therefore, we hypothesized that the upregu-
lation of ANXA1 upon CIGALT1 depletion could be associ-
ated to the increase in proliferation, invasion and migration
of ECC-1 endometrial cancer cells. To address this question,
we transiently depleted ANXAT1 using a specific siRNA in
comparison to a siRNA control on the stably transfected
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Fig.3 Validation of dysregulated proteins in shC1GALT1 ECC-1 cells.
A, qPCR and B, PCR analysis revealed the dysregulation of selected
proteins at mRNA level in shC1GALT1 cells. mRNA 18S expression
levels were used for normalization. C, WB analysis of the whole cell
extract confirmed the dysregulation of selected proteins previously
observed by LC-MS/MS analysis. In addition, proteins identified as
upregulated in the secretome of shC1GALT1 cells (JAG1, MALT1 and
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els of GAPDH were used for normalization. D, Immunofluorescence
analysis of SiICIGALT1 and SCRAMBLE ECC-1 cells confirmed the
dysregulation previously observed by mass spectrometry for ANXAT,
LGALS3, PCSK9, COL4A3BP and NCOAL, highlighting an expres-

shC1GALT1 and SCRAMBLE ECC-1 cells to survey for
alterations in their tumorigenic and metastatic properties.
First, ANXA1 depletion by transient silencing was
efficiently achieved as observed by PCR, qPCR and WB
analyses either on shCIGALT1 or SCRAMBLE ECC-1
cells (Fig. 4D-E). Then, we analyzed the effects on pro-
liferation, migration and invasion. Regarding the effect of
ANXAL1 silencing on metastatic properties, shC1GALT1
ECC-1 were more affected than SCRAMBLE ECC-1 cells.
ANXA-silenced shCIGALT1 ECC-1 cell lines were signif-
icantly less invasive and closed the wound at a significantly
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slower speed than their control cells transfected with siRNA
control (p value <0.05), whereas no effect on wound clo-
sure speed was observed in ANXA 1-silenced SCRAMBLE
ECC-1 cells in comparison with their control cells (Fig. 4 F,
S4C). Importantly, shCIGALT1 ECC-1 cells behave simi-
larly than SCRAMBLE ECC-1 control cells upon ANXA1
depletion, regarding invasive and wound closure speed
properties. In contrast, SCRAMBLE cells upon ANXAL1
depletion increased their invasive properties about 1.5-fold.

In the proliferation assays ANXA1-silenced shC1GALT1
cells showed significant less proliferation than control cells
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Fig.4 Invitro cell-based assays confirmed the association of CIGALT1
depletion with aggressive phenotypes of endometrial cancer cells.
Loss-of-function assays revealed statistically significant higher A,
metastatic and B, tumorigenic properties of shCIGALT1 ECC-1 cells
in comparison with SCRAMBLE cells. A higher significant adhe-
sion, invasion, close of wound healing assays, proliferation and col-
ony soft agar formation was observed upon CIGALTI depletion. C,
shCIGALT1 ECC-1 cells showed higher tube formation ability than
SCRAMBLE cells, with statistically significant larger number of junc-
tions, segments, meshes and branches, and longer tubes. NJ, number of
junctions; NMJ, number of master junctions; NS, number of segments;
NMS, number of master segments; NM, number of meshed; NB, num-
ber of branches; TL, total length. Transient silencing of ANXAI1 was
assessed after shtC1GALT1 and SCRAMBLE ECC-1 cells transfection

(p value<0.05). Indeed, ANXAIl-silenced shCIGALT1
ECC-1 cells showed a 45% reduced proliferation regard-
ing CIGALT1 depletion-induced proliferation (Fig. 4G).
Besides, SCRAMBLE control ECC-1 cells transfected with
the control siRNA and ANXAI siRNA behave similarly
(Fig. 4G).

These results demonstrate that ANXAI silencing pref-
erentially affected shCIGALT1 ECC-1 cells to a greater
extent than SCRAMBLE cells, mostly reversing the
observed induction of proliferation, migration and invasion
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with siRNA ANXAT1 D, at mRNA level by PCR and qPCR and E, at
protein level. For the qPCR, ANXA1 levels were related to ANXAL1
in siRNA Control SCRAMBLE or shC1GALT]1 levels, respectively.
For the PCR and WB, ANXALI levels were related to ANXAL levels
in SCRAMBLE siControl ECC-1 cells. 18S and vinculin were used as
controls of the assays and for normalization of mRNA and protein lev-
els, respectively. F, ANXAI transient silencing significantly reduced
the invasive and wound closure properties of sS\IC1GALT1 ECC-1 cells
in contrast to SCRAMBLE cells. G, The proliferative capacity of shC-
1IGALT1 ECC-1 cells was significantly reversed after transient silenc-
ing of ECC-1 cells with ANXAT1 siRNA, whereas SCRAMBLE cells
were mostly unaffected. F, G Data are normalized regarding siControl
SCRAMBLE ECC-1 cells. *, p value<0.05; **, p value <0.001; ***,
p value <0.0001; **** p value <0.00001

properties upon C1GALTI1 depletion. Besides, although
more molecules dysregulated by the effect of CIGALT1
depletion will have an effect on tumorigenic and meta-
static properties of ECC-1 cells, our results supported that
effects on proliferation, migration and invasion properties
were associated to the upregulation of ANXAL as a con-
sequence of the absence of CIGALT1. Collectively, these
results correlate CIGALT1 and ANXAT protein expression
with tumorigenic and metastatic properties of endometrial
cancer ECC-1 cells.
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3.7 Relevance of C1GALT1 dysregulation in EC
patients

Finally, since LGALS3 (Galectin-3) has been shown to
interact with O-glycans in the mucosal epithelium [30], and
considering its overexpression observed by proteomics and
further confirmed by PCR and WB analyses upon depletion
of CIGALT1, we focused on the role of LGALS3 in EC by
IHC.

A total of 151 out of 178 cores from 79 EC patients
were considered adequate for LGALS3 expression assess-
ment by IHC. Morphologic assessment of LGALS3 THC
staining characteristics revealed different staining patterns
(Fig. 5 A). Out of the 151 evaluable cores, 45 (29.8%)
showed absent LGALS3 expression. LGALS3 positive
samples showed variable and low intensity protein expres-
sion (mean positive tumor cells per sample=35.4%). A
small subset of cores (13/151, 8.6%) demonstrated diffuse
(>90% positive tumor cells per sample) staining. LGALS3
score varied across histologic types, with serous and undif-
ferentiated tumors displaying the highest protein expres-
sion (median IHC LGALS3 score=10, 20, 50 and 55 for
endometrioid, clear cell, serous and undifferentiated tumor
types, respectively) (Fig. 5B). Interestingly, the aggressive
histologic variants (clear cell, serous and undifferentiated)
showed higher LGALS3 IHC scores than endometrioid
variants (p value <0.001). In addition, LGALS3 expression
positively correlated with tumor grade. High grade tumors
(G3) displayed higher protein expression (median LGALS3
IHC score=30) compared to low grade tumors (median
LGALS3 THC score for G1/G2 tumors =10). This finding
was independent of histologic type, as similar results were
observed when analyzing endometrioid tumors.

Finally, we interrogated the correlation between the
expression levels of LGALS3 and C1GALTI. Importantly,
anegative correlation between C1GALT1 and LGALS3 was
observed in EC samples, with the highest LGALS3 expres-
sion levels occurring in cases showing the lowest expres-
sion of CIGALTI (p value<0.001) (Fig. 5 C). These results
confirmed the antagonism between the protein expression
levels of these markers, as expected according to the pro-
teomics results.

Collectively, our results reveal that the dysregulation
of O-glycosylation processes alters the protein patterns at
different cellular compartments and that these changes are
involved in vitro in the pathogenesis, development, and pro-
gression of the disease; as well as in EC samples.

4 Discussion

O-glycosylation has emerged as a main regulator of cancer
due to its role in tumor development and progression [45].
Truncated O-glycans can contribute to enhance oncogenic
features in cancer cells. Anomalous O-glycosylation of cell
surface receptors such as growth factors or death receptors
can alter ligand binding as well as receptor trafficking and
endocytosis leading to hyperproliferation [46]. In addition to
the important role of O-glycosylation in cancer intracellular
signaling, glycoproteins are also involved in cell-cell inter-
actions and communication in the extracellular microenvi-
ronment. Thus, it has been shown that truncated O-glycans
can induce tissue architecture loss, disturbance of basement
membrane adhesion and invasive growth [47]. Moreover,
O-glycosylation modification can influence tumor immune
surveillance [12].

Altered O-glycosylation is observed in epithelial can-
cers and is frequently linked to poor prognosis. Aberrant
O-glycosylation can be due to glycosyltransferase expres-
sion dysregulation. CIGALT1 is a key glycosyltransferase
in the O-glycosylation process synthetizing the T antigen
to which branched O-glycans are added. Elevated expres-
sion of this enzyme has been associated with tumor progres-
sion in lung adenocarcinoma and gastric cancer [48, 49].
On the contrary, ablation of CIGALT1 in gastric epithelium
of mice induced spontaneous gastritis and gastric cancer
and Tn antigen expression was related to tumor progres-
sion in gastric cancer patients [50]. Likewise, pancreas-
specific CIGALT1 disruption originated O-glycosylation
truncation that promoted early metastasis and stimulated a
more aggressive pancreatic ductal adenocarcinoma pheno-
type [51]. Here, we focused the study on the analysis of the
implication of low expression of CIGALT1 observed in this
report in endometrial cancer, which account for 75-80%
of all uterine cancers [5]. To this end, CIGALT1 stably
depleted ECC-1 cells were obtained and demonstrated by
quantitative proteomics, bioinformatics and in vitro cell-
based assays to mimic an aggressive phenotype of EC.

Quantitative proteomics analysis allowed us to identify
and quantify 3616 and 5208 proteins in common in For-
ward and Reverse SILAC experiments in the secretome
and in the cell extract of ECC-1 cells, respectively, with
high sensitivity and specificity in living cells [31, 52]. Pro-
teomics analysis was performed with the cell extract and
secretome of ECC-1 cells to increase the number of dys-
regulated proteins quantified as well as to find proteins
related with cell-cell communication and metastasis, whose
expression might be altered upon C1GALT1 depletion and
of great interest to elucidate mechanisms of EC develop-
ment associated to O-glycosylation dysregulation. More
than 200 proteins were dysregulated in both analysis, and
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Fig. 5 Analysis of LGALS3 expression in endometrial cancer accord-
ing to the expression of CIGALT1. A, Representative IHC images of
LGALSS3 staining. A1 Negative LGALS3 expressing tumor. A2 Dif-
fuse LGALS3 expression. A3 and A4 patchy LGALS3 expression. B,
Immunohistochemistry analysis of 151 EC tissue samples showed a
clear significant upregulation of LGALS3 expression in parallel to the
aggressiveness of EC either according to histologic subtype, EC grade

nine were selected for validation. In addition, in vitro loss-
of-function assays using shC1GALTI and SCRAMBLE
ECC-1 cells confirmed the more tumorigenic and aggres-
sive phenotype of ECC-1 cells due to CIGALT1 depletion,
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Endometrioid tumors

or tumor grade in endometrioid cancer samples. C, Correlation analy-
sis of the expression of LGALS3 and CIGALT1 showed a significant
negative correlation in tumor samples, demonstrating both the down-
regulation of CIGALT! expression in parallel to the upregulation of
LGALSS3 in aggressive EC. *, p value <0.05; **, p value <0.001; ***,
p value <0.0001

with a higher invasive, proliferation, migration, angiogenic
and colony formation ability in comparison to SCRAMBLE
cells, and thus the association of dysregulated proteins upon
CI1GALT1 depletion to EC aggressiveness and progression.



In-depth quantitative proteomics analysis revealed C1GALT1 depletion in ECC-1 cells mimics an aggressive...

The nine proteins selected for validation were the most
dysregulated proteins between SCRAMBLE and shC-
1GALT1 ECC-1 cells, and had been previously related to
EC or other cancers. MALT1 (Mucosa-associated lymphoid
tissue lymphoma translocation protein 1) had been identified
as a key protein in the pathogenesis of different hematologi-
cal and solid tumors, such as lung or prostate cancers [53,
54]. Due to its association to different signaling pathways,
as the EGFR induced NF-kB activation, MALT1 has been
described as an essential protein for tumor progression in
preclinical models. Although high mRNA levels of MALT1
had been previously found in endometrioid EC by cDNA
microarrays [55], this protein had not been previously asso-
ciated to EC aggressiveness. Here, we found MALT1 over-
expressed in more aggressive shCIGALT1 ECC-1’s cells,
secretome and exosomes, highlighting a potential role not
only in EC progression but also in metastasis. In addition,
several studies propose MALT1 as a potential therapeutic
target [54, 56—58], and thus, MALT 1 would be suggested as
an engaging candidate for the treatment of aggressive ECs
lacking in the expression of CIGALT1. Regarding PCSK9
(Proprotein convertase subtilisin/kexin type 9), previous
studies described an association among PCSK9 overexpres-
sion and incidence and progression of different cancers but
EC. Apart from cholesterol metabolism regulation, PCSK9
promotes evasion of immune system and inhibition of
inflammation in cancer [59, 60], which is in concordance
with the increased plasmatic membrane expression of
PCSK9 here observed by IF. Interestingly, PCSK9 inhibi-
tion is being explored as a new cancer therapy to increase
the response of tumors to checkpoint therapies, which might
be also applied to the treatment of aggressive ECs overex-
pressing PSCK9 [61, 62].

JAGI (Jagged 1), a ligand of the Notch signaling path-
way, has been associated with EC carcinogenesis through the
control of multiple cellular processes. It has been described
a dual role for the Notch receptor (Notch 1-4)-ligand
(JAGI, JAG2, DLL1, DLL3 and DLL4) pathways as onco-
genic or tumor suppressors [63—65]. Interestingly, recent
studies highlight the potential role as proangiogenic regula-
tor of the Notch-JAG1 pathway, antagonizing the Notch-
DLLA4 signaling. These findings pointed out to an enhanced
of the DLL4-Notch pathway due to Notch glycosylation,
which weakened JAGI signaling [66-69]. In our work,
we found a higher angiogenic potential for CIGALT1
depleted ECC-1 cells, which might be related to the altera-
tions of glycosylation pathways induced by CI1GALT1
silencing and JAG1 overexpression. In addition, Annexin
Al (ANXAI) is a ubiquitous protein involved in different
processes, as calcium signaling, inflammation, cell prolif-
eration, apoptosis or tumor progression, and which upregu-
lation has been associated with tumor proliferation in breast,

bladder, endometrial, colorectal, lung and pancreatic cancer,
and melanoma [70-74]. Previous works described ANXA1
upregulated in the secretome and exosomes secreted by
cancer cells [75], which has been associated with a major
potential role of ANXA1 in promoting cancer angiogenesis,
proliferation, invasion and metastatic properties of can-
cer cells [43, 44]. Here, ANXA1 was demonstrated to be
upregulated in the cell extract, secretome and exosomes of
CIGALTT1 depleted cells, which might also be involved in
their higher angiogenic potential together with JAG1 sig-
naling and in progression and metastatic potential of EC
cells. Besides, ANXA1 was here found by IF increased in
the cytoplasm of shC1GALTI cells, suggesting a signifi-
cant role of ANXAI signaling in EC aggressiveness. More
importantly, we also here demonstrate that the increase on
proliferation, invasion and migration of ECC-1 endometrial
cancer cells upon depletion of CIGALT1 was associated to
the overexpression of ANXA1. We observed here that these
effects were mostly reverted upon transient ANXAT silenc-
ing using a specific siRNA. Therefore, although other play-
ers would also be responsible of these effects, we were able
to demonstrate the causal correlation between C1GALT1
and ANXAI protein expression with tumorigenic and meta-
static properties of endometrial cancer cells.

Moreover, COL4A3BP (Ceramide transfer protein or
CERT) is a lipid transfer protein that transport ceramide, a
pro-apoptotic signal molecule, from the endoplasmic reticu-
lum (ER) to the Golgi apparatus [76], which has been found
upregulated in different cancers, such as ovarian cancer
[77]. Although COL4A3BP dysregulation has not been pre-
viously associated with EC, this protein has been proposed
as an interesting therapeutic target for chemotherapy-resis-
tant cancers due to the effect of COL4A3BP downregulation
in promoting endoplasmic reticulum stress [77, 78]. Here,
COL4A3BP was found upregulated in the cell extract, sec-
retome and exosomes of CIGALT1 depleted cells, suggest-
ing its potential role in EC development, and as therapeutic
target of aggressive ECs. In addition, a second isoform of
COL4A3BP probably corresponding to an aberrant gly-
cosylated form of the protein was found increased in the
cell extract and exosomes of shCIGALT1 cells. NCOALI
(Nuclear receptor coactivator 1) is a hormone-dependent
regulator of gene expression associated to different cancers,
such as breast and esophageal carcinomas [79]. Although
endometrioid ECC-1 cells are characterized to main-
tain NCOA1 expression [29], as well as other androgen
and estrogen receptors, its role in EC has not been eluci-
dated yet. Because aggressive type II ECs are not associ-
ated with estrogen excess, NCOA1 downregulation might
also validate the aggressive potential of endometrioid cells
upon C1GALT! depletion. On the contrary, high levels of
NCOA1 were found in exosomes, which postulate the role
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of'this protein in the establishment of the metastatic niche. In
addition, DNMT3A (DNA (cytosine-5)-methyltransferase
3 A), a transcriptional corepressor in endometrioid cancers,
is characterized to be overexpressed in endometrioid can-
cers [80, 81]. However, opposite DNA methylation patterns
(associated with a higher mutation rate in aggressive ECs)
were found between type I and type II ECs, thus confirm-
ing the more aggressive phenotype of ECC-1 cells induced
upon CIGALTI1 depletion [82]. These data suggest that
NCOA1 and DNMT3A levels might be used as biomark-
ers of EC malignancy. In contrast, dysregulation of ERCC3
(Excision repair cross-complementation group 3) levels has
not been previously associated to EC, although different
studies highlight the suppressor role of ERCC3 silencing in
different cancers, as pancreatic or liver carcinomas [83, 84].

Finally, LGALS3 (Galectin-3) is a protein that interacts
with glycoproteins from the extracellular matrix in a galac-
tose-dependent manner, favoring cell interactions, or with
cytosolic or nuclear targets in a glycosylation independent
manner [46]. Importantly, LGALS3 has been reported as
EC marker [85-87], and as unfavorable marker for over-
all survival [73]. Here, we have found that the LGALS3
upregulation occurred in parallel to the downregulation of
C1GALT1 both in vitro and in vivo in tumor tissue, with
a significant negative correlation between them. Therefore,
it can be suggested that LGALS3 upregulation in aggres-
sive EC was a consequence of the downregulation of O-gly-
cosylation in proteins from the extracellular matrix, which
avoids LGALS3 interaction in the extracellular matrix of
EC tumors, and as a compensatory effect an increase and
release of LGALS3 should be produced.

In conclusion, quantitative proteomics of a well-char-
acterized cellular model, where upon CIGALT1 depletion
a more aggressive phenotype was induced, allow for the
identification of proteins dysregulated in aggressive ECs
and related pathways that might be of interest for a better
understanding of the mechanisms undergoing EC pathogen-
esis related to O-glycosylation. Proteins here identified by
proteomics as dysregulated in aggressive EC were validated
by orthogonal techniques using cellular models of non-
aggressive (SCRAMBLE) and aggressive (shCIGALT1
ECC-1) endometrial cancer. In addition, a causal effect on
the tumorigenic and metastatic properties of C1GALT1
depleted ECC-1 cells through ANXA1 was found, where
ANXAI1 transient depletion provoked a reversion on prolif-
eration, invasion and migration properties induced because
of the absence of CIGALT1. However, as potential limita-
tions of the study, further research would be needed using
animal models and a larger cohort of tissue samples from
EC patients from different hospitals to further confirm the
association between C1GALT1 depletion and EC aggres-
siveness and protein dysregulation. In addition, the nine
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most dysregulated proteins here identified by proteomics
and validated by orthogonal techniques could be interest-
ing to investigate their role in the pathogenesis and devel-
opment of aggressive ECs. LGALS3 and C1GALT! could
be used as specific biomarkers of aggressive ECs, which
would allow for the earlier treatment of patients with this
phenotype associated to more aggressive ECs with higher
metastatic potential. Furthermore, the diagnostic value of
proteins here identified as upregulated in the secretome of
aggressive ECC-1 could be investigated by ELISA to elu-
cidate the potential role of ANXA1l, COL4A3BP, JAGI,
MALTI1, LGALS3 and PCSK9 as blood-based biomarkers
of the disease.
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