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Abstract: Tumor cells have a modified glycosylation profile that promotes their evolution and/or their maintenance in
the tumor. Sialylation is a type of glycosylation that is often altered in cancers. RNA-Seq database analysis revealed
that the sialyltransferase gene ST3GAL2 is significantly overexpressed at all stages of colorectal cancer (CRC).
ST3GAL2 sialylates both glycoproteins and glycolipids. The aim of this work was to investigate the involvement
of ST3GAL2 in CRC. Using the HT29 tumor cell line derived from a stage Il of CRC, we decreased the expression
of ST3GAL2 by specific shRNA, and then characterized these cells by performing functional tests. We found that
ST3GAL2 knock down (KD) significantly decreases tumor cell proliferation, cell migration and invasiveness proper-
ties in vitro. The cell cycle of these cells is affected with a change in cell cycle distribution and an increase of cell
apoptosis. The effect of ST3GAL2 KD was then studied in vivo, following xenografts into nude mice, in which the
tumor progression was significantly reduced. This work demonstrates that ST3GAL2 is a major player in the behav-
ior of colorectal tumor cells, by modifying the sialylation state of glycoproteins and glycolipids which remain to be

specifically identified.
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Introduction

Colorectal cancer (CRC) is the third most diag-
nosed cancer worldwide all sex confounded
(second in females and third in males), with
1.9 million new cases in 2020 (represent-
ing 10% of new cancer cases) and 935,173
deaths (World Health Organization). CRC devel-
ops in 5 main stages (0 to IV). A tumor is a het-
erogeneous mass of cells which are character-
ized by numerous changes like “Warburg
Phenomenon” [1], a constitutive activation of
different growth factors [2], a lower apoptosis
through resistance to mitochondrial membrane
permeabilization, or a deregulated replicative
potential [3]. In addition to these metabo-
lic disorders, it should be noted that cancer
cells present important glycosylation changes.
Glycosylation is the most important post trans-
lational modification (PTM). The carbohydrate

formation results from coordinated actions of
glycosyltransferases and glycosidases occur-
ring mainly in endoplasmic reticulum (ER) and
Golgi apparatus [4-6]. The majority of mammal
proteins are glycosylated and these glycopro-
teins play important roles in many cell functions
like pluripotency, cell-cell communication and
interaction, protein folding, embryogenesis or
cell death [7-10]. PTM are also known to partici-
pate to tumor process [11-13]. Abnormal glyco-
sylation of proteins and/or lipids may increase
tumorigenesis. This is the case, for example, for
Notch receptor whose abnormal glycosylation
by protein O-fucosyltransferase 1 (POFUT1) pro-
motes CRC process by an enhanced Notch sig-
naling [14]. In gastric and colorectal cancers,
overexpression of POFUT1 could be a potential
biomarker [15, 16]. Some glycosylation altera-
tions are known in CRC [17], particularly fucosyl-
ation and sialylation which increase in colorec-
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tal tumors, and in other cancers such as lung
and oral cancers [18]. Indeed, a global
sialylation modification occurs in CRC [19] and
some abnormal sialylations contribute to apop-
tosis dysregulation. For example, abnormal
a2-6 sialylation of Fas receptor by ST6GAL1
prevents apoptosis through inhibition of the
association of Fas tails with FADD (Fas-
associated protein with Death Domain) and a
decrease of caspase 8 activation in colon
carcinoma [20]. In ovarian cancer cell lines, a
decrease in «2-3 sialylation by a knock-down of
ST3GAL3 promotes apoptosis and increases
sensitivity to cisplatin, an apoptosis inductor
[24]. Sialyltransferase superfamily includes 20
members classified in four families: the mem-
bers of the ST3GAL family transfer a sialic acid
to a galactose residue through an «2,3-linkage
[22]; sialic acid is transferred to galactose
through an «2,6-linkage by ST6GAL family
members [23]; the members of STEGALNAC
family transfer a sialic acid to a N-acetyl-
galactosamine though an «2,6-linkage [24];
and sialic acid is transferred to another sialic
acid through an a2,8-linkage by ST8Sia family
members [25].

It appears that some sialyltransferases, such
as ST6GALL or ST6GALNAC1 as well as mem-
bers of ST3GAL family, are overexpressed in
CRC and lead to aberrant N-glycans and to the
emergence of sTn, sLe? and sLeX antigens. sLe?
is thus recognized as a CRC biomarker but with
low sensitivity [26, 27].

ST6GAL1 gene is known to be overexpressed in
early stage of CRC. This abnormal sialylation
promotes tumorigenesis by adding sialic acid
on several membrane glycoproteins, mostly
responsible of cell movement, cell death/
survival and cell growth [28]. Recently
ST6GALNAC1 was shown to be overexpressed
in colorectal cancer stem cells (CSC) and to pro-
mote chemotherapy resistance of these cells
by Akt pathway activation [29].

ST3GAL2 is an enzyme (EC 2.4.99.2) found in
Golgi apparatus and known to add sialic acid on
both O-glycoproteins and gangliosides, with a
preference for the latter [30-32] and more par-
ticularly GD1a and GT1b [33]. The main interest
in ST3GAL2 arose from one of its product, the
Stage Specific Embryonic Antigen-4 (SSEA-4), a
glycosphingolipid (GSL) only synthetized by
ST3GAL2 [34, 35]. This globo-serie ganglioside
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was originally studied in embryonic tissues
and turns out to be a biomarker for several can-
cers, such as hepatocellular carcinoma where
ST3GAL2 is overexpressed [36]. In prostate
tumor, it appears that cells that express SSEA-
4 have a fibroblastic rather than epithelial pro-
file [37]. In breast cancer, ST3GAL2 overexpres-
sion lead to an increase of SSEA-4 antigen and
to a chemotherapy resistance of tumor cells
[38]. This GSL has been studied in glioblasto-
ma too, where it could be a biomarker of a high
grade glioblastoma [39]. All these studies tar-
geted SSEA-4, i.e. the product of ST3GAL2, but
none focused on the enzyme ST3GAL?2 itself.

In this study, we used RNA-seq informations
present in databases to detect an overexpres-
sion of ST3GAL2 in colorectal tumors. After
knock-down (KD) by shRNA of ST3GAL2 in
HT29 cell line, we performed in vitro functional
tests with shST3GAL2 cells. We observed a
decrease in proliferation, migration and inva-
sion abilities of shST3GAL2 cells compared to
parental cells. We also observed an increase of
apoptosis and a dysregulation of cell distribu-
tion in phases of cell cycle. In vivo, these cells
led to a dramatic reduction of tumor size when
xenografted into nude mice. This study demon-
strated for the first time the ST3GAL2 implica-
tion in colorectal tumor progression in vitro and
in vivo.

Materials and methods
The cancer genome atlas data analysis

Data of colorectal cancer were extracted from
FireBrowse database (http://www.firebrowse.
org). A total of 626 tumor samples and 51 nor-
mal samples were studied. Gene expres-
sion levels were merged from COADREAD.
uncv2.mRNAseq_RSEM_normalized_log2.txt
found in COADREAD.mRNAseq_ Preprocess.
Level file. Clinical features for each patient
were determined from “CLI_years_to_birth”,
“CLI_tumor_tissue_site”, “CLI_pathologic_st-
age”, and “CLI_gender” extracted from
COADREAD-TP.samplefeatures.txt available in
COADREAD-TP; Aggregate_AnalysisFeatures.
Level metadata.

Cell culture and transfection

Human CRC HT29 cells were cultivated in
Dulbecco’s Modified Eagle Medium (DMEM)
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(Thermofisher Scientific, Waltham, MA, USA)
supplemented with 10% (v/v) fetal bovine
serum (FBS) (Biowest, Eurobio, Courtaboeuf,
France) and 0.5% (v/v) penicillin/streptomycin
(Gibco, Carlsbad, CA, USA). Cell line was culti-
vated at 37°C in a humid atmosphere with 5%
CO,. A first group of cells was transfected with
1.6 pg of a pool of 3 target-specific lentiviral
vector plasmids each encoding 19-25 nucleo-
tides shRNA designed to knock-down ST3GAL2
gene (sc-93118-SH, Santa Cruz Biotechnology,
Dallas, Texas, USA). A second group of cells was
transfected with 1.6 yg of a negative control
shRNA Plasmid-A, encoding a scrambled
shRNA sequence that will not lead to the spe-
cific degradation of any cellular mRNA (sc-
108060, Santa Cruz Biotechnology, Dallas,
Texas, USA). The transfections were carried out
according to manufacturer’'s protocol using
X-TremGENE™ DNA Transfection Reagent
(Sigma-Aldrich, Saint Louis, MO, USA). Each
used plasmid contains a puromycin resistance
gene for the selection of cells stably expressing
shRNAs. Selection was initiated by changing
medium with complete DMEM containing 2
pg.mlt of puromycin (Thermofisher Scientific,
Waltham, MA, USA), and then we obtained
HT29-shST3GAL2 pool population. A clonal
selection was performed with limited dilution
method. Cells selected with puromycin were
seeded in 96-well plate until get one cell per
well. Each unique cell was grown separately in
presence of puromycin until obtention of a clon-
al population.

Quantitative RT-PCR

Total RNA was extracted using RNeasy® Mini
Kit (QIAGEN®, Hilden, Germany) and 2 ug RNA
were retro-transcribed using High-Capacity
cDNA Reverse Transcription Kit (Applied
Biosystems™, California, USA) according to
manufacturers’s instructions. Quantitative
PCR was performed in 96-well plates (Ther-
moFisher Scientific, Waltham, MA, USA), using
20 ng cDNA, 10 ul Tagman® Gene Expression
Master Mix (Applied Biosystems by Thermo-
Fisher Scientific, Waltham, MA, USA) and 1 ul
Tagman™ probe against ST3GAL2 (HS0019-
9480-m1) or 18S (HS99999901-s1) and H,0
up to a final volume of 20 uL. Then, the follow-
ing program was applied: 2 minutes at 50°C
and 10 minutes at 95°C, then 40 cycles (15
seconds at 95°C and 1 minute at 60°C, fol-
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lowed by a fluorescence measurement).
Fluorescence was quantified using Quant-
Studio™ Design and Analysis Software v1.3 (AB
ThermoFisher Scientific, Waltham, MA, USA).
Relative quantity was calculated using the AACt
method.

SSEA-4 detection by immunofluorescence

HT29-shST3GAL2 and HT29-shctrl cells were
fixed with 4% paraformaldehyde (16% For-
maldehyde Solution (w/v) methanol-free, Ther-
moFisher Scientific, Waltham, MA, USA) in PBS
for 15 minutes at room temperature and per-
meabilized with HEPES Triton buffer (20 mM
HEPES, 300 mM sucrose, 50 mM NaCl, 3 mM
MgCl,, 0.5% Triton X-100 (v/v), pH 7.4) for 30
minutes at 4°C. After 3 washes with PBS, non-
specific binding sites were saturated for 1 h at
room temperature with a blocking solu-
tion (PBS complemented with 10% (v/v) goat
serum, 1% BSA (w/v), 0.1% Triton X-100 (v/V)).
After one wash with PBS buffer containing 0.2%
BSA (w/v), immunolabelling was performed
with anti SSEA-4 antibody (MC813 ab16287,
Abcam, Cambridge, UK) diluted at 1:400 and
PNA lectin (Peanut Agglutinin; DIG Glycan
Differentiation Kit, Roche, Mannheim, Ger-
many), which recognizes the disaccharide
GalB(1-3)-GalNAc diluted at 1:200 in PBS buf-
fer containing 1% BSA (w/v) overnight at 4°C.
After two washes with PBS buffer containing
0.2% BSA (w/v) and 0.1% Tween-20 (v/v), cells
were incubated with the secondary antibody
Alexa fluo® 546 conjugated (F(ab’)2 fragment
of goat anti-mouse IgG (H+L), Molecular probes
by Life Technologies, Eugene, Oregon, USA),
and with the anti-digoxygenin Dylight 288
(Vector laboratories, Burlingame, CA, USA)
used at 1:1000 in PBS-BSA for 15 minutes
in dark at 37°C. After washes, nuclei were
stained with DAPI (ThermoFisher Scientific,
Waltham, MA, USA) at 1 yg.ml* in PBS, 5 min-
utes at room temperature in the dark. After
three washes in PBS, cells were mounted on
glass slides with Mowiol and sealed with glass
coverslips. We used MetaMorph software
(Molecular Devices, California, USA) to acquire
images with a LEICA microsystem DMIGO00B
inverted epifluorescence microscope.

ST3GAL2 detection by immunohistochemistry

Paraffin-embedded blocks of four colorectal
adenocarcinomas corresponding to four CRC
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clinical stages were obtained from the Tumor
Bank (CRBiolim) of Limoges University Hospital.
All samples were used in accordance with
French bioethics laws regarding patient infor-
mation and consent. Ethics approval (CRB-
CESSION-2019-003) was obtained from the
bioethics committee of the University Hospital
Center of Limoges (“Comité médico-scienti-
figue de la tumorothéque de [I'Hopital Du-
puytren”). Immunohistochemical analysis was
performed on five-um-thick paraffin sections
with anti-ST3GAL2 antibody (1/25, ab254726,
Abcam, Cambridge, UK). Slides were automati-
cally processed (Ventana Benchmark ULTRA,
Roche, Meylan, France) according to the proto-
col supplied by the manufacturer. Hematoxylin/
Eosin/Saffron (HES) staining was used for his-
tological analyses, while Ki67 staining was
used to assess cell proliferation. HES staining
was performed with Tissue Tek (Sakura, Alphen
aan den Rijn, Netherlands), Ki67 staining with
BenchMark Ultra Ventana (Roche Diagnostics,
Meylan, France). Images were acquired with
NanoZoomer RS 2.0 Hamamatsu (Hamamatsu
Photonics, Massy, France).

Cell migration assay

Cell migration assay was performed in a two
wells silicone insert to generate a defined cell-
free gap (Culture, Insert 2 well, Ibidi, Germany).
Cells in suspension after trypsination (70 ul)
were put in each well. When cells reached con-
fluence, the insert was removed, and cells
were cultivated in a 1% FBS (v/v) DMEM.
Measurements of the gap size were performed
every day using ImageJ software [40].

Cell invasion transwell assay

Cell invasion assay was performed in a tran-
swell chamber system as described before
[44]. Briefly, the membrane (upper side) of tran-
swell chamber (Transwell® Permeable Supports
6.5 mm Insert, 24 Well Plate, 8.0 ym polycar-
bonate Membrane, Costar®, Corning In-
corporated, USA) was precoated with 0.5
mg-ml* matrigel (Corning® Matrigel® Basement
Membrane Matrix, 354234, Discovery Lab-
ware, Inc., Two Oak Park, Bedford, USA), and
cells (1x10%) were placed in the top chamber.
A serum-free medium solution (100 pl) was
added in the top chamber, and the lower cham-
ber was loaded with 750 pl of DMEM with 10%
FBS (v/v). Cells were incubated during 24 h,
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48 h, 72 h and 96 h at 37°C with 5% CO,.
Transwell chambers were washed twice with
PBS, and cells were fixed with 4% (w/v) parafor-
maldehyde in PBS during 15 minutes at room
temperature. After two washes with PBS, cells
were stained with crystal violet 0.2% (w/v) dur-
ing 15 minutes at room temperature, then cells
which remained on the membrane (top cham-
ber side) were wiped out with a cotton swab
before observation with binocular magnifying
glass Nikon SNZ-745, membranes were illumi-
nated with SCHOTT KL 1600 LED.

In vitro apoptosis detection

A first analysis of apoptosis was made using
the Cell Death Detection ELISAPYS kit (Roche
Diagnostics, Sigma-Aldrich, Saint-Louis, MO
63103 USA) as previously described [42].
Chromatin fragments released from the nucle-
us during apoptosis were quantified from cyto-
sol extracts, which were obtained according to
the manufacturer’s protocol.

Apoptosis was also evaluated by flow cytometry
using double staining with Annexin V and prop-
idium iodide. Cells (250,000) were centrifuged
10 min at 140 g then washed with 1 ml of
PBS/Ca?*. After a second centrifugation, cells
were resuspended into 100 pl of PBS/Ca?" and
5 ul of Annexin V (Thermofisher Scientific,
Waltham, MA, USA) were added. After 15 min
incubation in dark, 200 ul of PBS/Ca%* were
added. Cells were then labelled with propidium
iodide (0.5 mgml*) and 10,000 cells were
immediately analyzed with a FACSCalibur
(Becton Dickinson) cytometer.

In vitro spheroid formation

Spheroid formation was assesed using Nun-
clon Sphera 96U Bottom Plate (Thermo-
Scientific™, Rockford, IL, USA). Five hundred
cells, into free FBS DMEM medium were seed-
ed per well. The plate was centrifuged 5 min at
1200 g at room temperature, then incubated at
37°C in a humid atmosphere with 5% CO,, for 5
days. Pictures were taken every 24 hours, and
perimeters were calculated using Imagel
software.

Protein extraction and western blots

Colorectal tumor and normal tissue samples
were first ground in presence of liquid nitrogen.
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Then total proteins were extracted by solubiliz-
ing shredded tissues in a RIPA lysis buffer (50
mM Tris-HCI, 150 mM NaCl, 1% Triton X-100
(v/v), 0.5% sodium deoxycholate (w/v), 0.1%
sodium dodecylsulfate (v/v), pH 8) containing a
cocktail of protease and phosphatase inhibi-
tors (Roche Applied Science, Mannheim, Ger-
many) for 2 h at 4°C. Total proteins from cell
cultures were prepared by solubilizing cell pel-
lets in the same RIPA lysis buffer for 2 h at 4°C.
All lysates were centrifuged at 12,000 g for 15
min at 4°C, and the protein concentration
in supernatant was determined using
Pierce™BCA protein assay kit (Thermo-
Scientific™, Rockford, IL, USA) with bovine
serum albumin as a standard. Equal amounts
of proteins (50 pg) were resolved by SDS-PAGE
using 12% (v/v) polyacrylamide gels for 1 h at
24 mA. Proteins were transferred onto Amer-
sham™ Protra® premium 0.45 um nitrocellu-
lose membrane (GE Healthcare, Bucking-
hamshire, UK) for 1 h 30 min at 0.8 mA/cm?2.
Membranes were blocked with TBST (50 mM
Tris, 150 mM NaCl, pH 7.6, 0.1% Tween-20
(v/v)) supplemented with 5% (w/v) non-fat dry
milk during 1 h at room temperature, then
incubated with mouse anti-ST3GAL2 antibody
(ST3Gal Il (34-K) sc-100856, Santa Cruz
Biotechnology, Dallas, Texas, USA) diluted at
1:1000 in TBST, 2% (w/v) non-fat dry milk or
goat anti-GAPDH antibody (AF5718, R&D
Systems Minneapolis, USA) diluted at 1:2000
in TBST, 2% (w/v) non-fat dry milk, overnight at
4°C. After three washes with TBST, membran-
es were incubated with secondary antibodies
(anti-goat or anti-mouse HRP-conjugated IgG,
Dako, Santa Clara, USA) diluted at 1:2000 in
TBST, 2% (w/v) non-fat dry milk for 1 h at
room temperature. After three washes in
TBST, reactive proteins were visualized with
ECL™PrimeWestern blotting system (GE Heal-
thcare, Uppsala, Sweden). For detection and
relative quantification of band intensities, we
used Amersham Imager 600 device (GE
Healthcare, Uppsala, Sweden).

Cell cycle analysis by flow cytometry

Cells (2x10°) were collected and centrifuged
twice at 140 g for 10 minutes and pellet was
resuspended with 2 ml of cold PBS. After a
third centrifugation at 140 g for 10 minutes,
cells were resuspended in 300 ul of cold PBS
and rapidly fixed with 700 ul of cold ethanol
(96%). Fixed cells were preserved at -20°C
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overnight. After three washes by centrifugation
with 2 ml of cold PBS, cells were resuspended
in 1 ml of PBS and treated with RNase A
(Roche Diagnostics, Sigma-Aldrich, Saint-Louis,
MO 63103 USA) at 20 units/ml (w/v) for 20
minutes at room temperature. Cells were then
labelled with propidium iodide (0.5 mg:ml?t) and
20,000 cells were immediately analyzed by a
FACSCalibur (Becton Dickinson) flow cytometer.
To determine the percentage of cells analyzed
in each phase of the cell cycle, we used the
Modfit software.

Tumor xenograft in mice

To establish a subcutaneous xenograft model
of human CRC, two groups of mice, each com-
posed of 5 four-week-old female Balb/c nude
mice, were used. Mice of the first group were
xenografted with 5x10° HT29-shctrl cells in
100 pL of 50/50 PBS-matrigel, injected subcu-
taneously in each side of the dorsal region.
Mice of the second group, were xenografted
with 5x10°% HT29-shST3GAL2 cells in 100 uL of
50/50 PBS-matrigel, injected in the same way.
We measured tumor dimensions every three
days by a caliper and calculated the volume
with the formula (V=4mn/3x LW?/8, where L is
tumor length and W is tumor width) [43]. All
mice were sacrificed on day 41 and tumors
were harvested and weighted. Six tumors from
HT29-shctrl cells and 7 tumors from HT29-
shST3GAL2 cells were fixed in 4% paraformal-
dehyde to prepare paraffin sections. HES and
Ki67 stainings were used as described in the
previous section.

Ethical statement

Institutional review board approval was
obtained from the Regional Animal Ex-
perimentation Ethics Committee (approval
number: APAFIS 23 8 13). All animal experi-
ments and experimental protocols were in
accordance with the recommendations of the
European Directive of 22 September 2010
(2010/63/EU) on the protection of animals
used for scientific purposes. All efforts were
made to reduce the number of animals used
and to ensure their optimal conditions of well-
being before and during each experiment.

Statistical analyses
Difference in sialyltransferase expression

between normal and tumoral tissues were com-
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pared using Kruskal-Wallis test, performed with
Past4 software and expressed as *P<0.05,
“P<0.01 and "P<0.001. Results were
expressed as the mean of log2 RSEM (RNA-Seq
by Expectation-Maximization) extracted from
Firebrowse database (see section 4.1) + stan-
dard error of the mean (SEM). The same statis-
tical tests were used to compare ST3GAL2
gene expression levels according to gender,
age and tumor location. (25 patients were not
assigned for any CRC stage, so they were not
included in this comparison).

For experiments performed in triplicate, statis-
tical significance was evaluated by the two-
tailed unpaired Student’s t-test and expressed
as: "P<0.05; "P<0.01 and "P<0.001. All
quantitative results were expressed as the
mean + standard deviation (SD) of separate
experiments. These statistical analyses were
performed using GraphPad Prism 7.

Results

ST3GAL2 is overexpressed in colorectal tu-
mors

We used the FireBrowse database to investi-
gate the role of ST3GAL2 overexpression dur-
ing colorectal cancer progression. This data-
base contains RNAseq data from 626 patients
with colorectal tumors and 51 colorectal nor-
mal tissues. The average age of patients is
66.3 years, with a repartition of 53% men and
47% women. We first investigated all sialyl-
transferase gene expression in colorectal
tumor tissues. When we analyze the transcript
amounts for each sialyltransferase gene, it
appears that fifteen sialyltransferases are
down-expressed in tumoral tissues compared
to normal tissues (black stars). For four sialyl-
transferases, no difference has been found,
and only ST3GAL2 gene is significantly overex-
pressed (red stars) in colorectal tumors com-
pared to normal tissues (Figure 1A). ST3GAL2
is poorly documented in cancers. Among the
626 patients, there is no correlation between
ST3GAL2 expression and tumor location (colon
vs rectum), gender or age of the patients (Table
1). ST3GAL2 is overexpressed from stage |
(P<0.001; Figure 1B), and its overexpression
slightly increased at stages Ill and IV.

To confirm the overexpression of ST3GAL2 at
the protein level, we performed western blots
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on colorectal tumor frozen samples corre-
sponding to different clinical stages and on
healthy frozen samples from the same pa-
tients using anti-ST3GAL2 antibody. Unfor-
tunately, no biopsies from stage | were avail-
able, and the data concerning this stage are
missing. ST3GAL2 appeared clearly overex-
pressed in tumor compared to normal tissues
(at least 7.7-fold) whatever the stage analyzed
(Figure 1C). The anti-ST3GAL2 antibody was
also used for immunohistochemistry on FFPE
(formalin-fixed, paraffin-embedded) paired
samples. Regardless of the stage studied,
there is a more intense ST3GAL2 labelling
(brown staining in the Luberkhunien glands)
into tumor section compared to healthy section
where there is no ST3GAL2 labelling except in
the lymphocytes surrounding the Luberkhunien
glands (Figure 2). In normal tissue, Ki67 (a pro-
liferation marker) staining was consistent with
the proliferative nature of colonic epithelium
(Figure 3). Cell proliferation was observed, via
Ki67 staining, in the bottom of intestinal crypts
as already described [44]. However, in tumor
tissues this polarity was abolished and Ki67
staining was more pronounced compared to
healthy section (Figure 3), which is in line with
the proliferative nature of tumoral tissue.
Histological analyses with HES (Hematoxylin
Eosin Saffron) staining revealed a loss of glan-
dular architecture and a loss of goblet cell dif-
ferentiation in tumor section compared to nor-
mal section (Figure 3). ST3GAL2 is overex-
pressed regardless the stage, and this overex-
pression is associated to a tissue destructur-
ing. These results suggest that ST3GAL2 may
be implicated in colorectal tumor progression.

ST3GAL2 KD decreased tumoral capacities in
vitro

To assess the contribution of ST3GAL2 in tu-
mor evolution, we chose to use HT29, a CRC
stage IlI-derived cell line which represents an
intermediary stage, between initiation and met-
astatic stages of tumor. HT29 cell line knock-
down (KD) for ST3GAL2 was established using
a mix of 3 shRNA. We obtained a polyclonal
population of KD cells (pool) with an approxi-
mately 60% decrease of ST3GAL2 expression.
After clonal selection, we more precisely ana-
lyzed two clones, clone 1 which lost about 33%
of ST3GAL2 mRNA expression, and the clone 2
which lost about 69% as shown by qRT-PCR in
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Figure 1. ST3GAL2 overexpression in colorectal tumors. (A) COADREAD RNAseq data extracted from Firebrowse
database, containing 626 tumor tissues and 51 normal tissues, show that among 20 sialyltransferases, ST3GAL2
is significantly overexpressed in colorectal tumors (red stars). (B) ST3GAL2 is overexpressed at all stages, and it
seems slightly more expressed in the two last stages. Average age: 66.3 years; distribution is: 53% men, 47% wom-
en. For (A) and (B), bar graph represent mean of log2 RSEM + SEM, "P<0.05, ""P<0.01, """P<0.001. (C) Expression
level of ST3GAL2 was assessed by western blotting assays in colorectal tumor tissues compared to healthy sections
of the same patients. (HT: Healthy Tissue; TmT: Tumoral Tissue).

Table 1. Correlation between ST3GAL2 expression and clinical parameters in patients with CRC

N ST3GAL2 expression (Log2 RSEM) P value

Stage | (105) Gender Men
Women
Age >60
35-60
Tumor location Colon
Rectum
Stage Il (229) Gender Men
Women
Age >60
31-60
Tumor location Colon
Rectum
Stage Il (179) Gender Men
Women
Age >60
31-60
Tumor location Colon
Rectum
Stage IV (88) Gender Men
Women
Age >60
35-60
Tumor location Colon
Rectum

59 9.38 0.8921
46 9.43

76 9.46 0.08285
29 9.24

74 9.37 0.5181
31 9.48
121 9.37 0.8982
108 9.34

179 9.36 0.6172
50 9.37

178 9.31 0.1938
51 9.51

88 9.47 0.8287
91 9.52
120 9.48 0.4596
59 9.54
128 9.49 0.7614
51 9.51

51 9.49 0.3863
37 9.61

55 9.53 0.5961
33 9.56

64 9.52 0.743
24 9.59

ST3GAL2 expression was extracted from FireBrowse database which contains informations on 626 CRC patients and 51
healthy people. We classified these patients by CRC stages. For each group (stage) we considered ST3GAL2 expression accord-
ing to gender, age and tumor location. We performed Kruskal-Wallis test to evaluate P value.

Figure 4A. We confirmed the decrease of
ST3GAL2 expression at the protein level by
western blotting using an anti-ST3GAL2 anti-
body (Figure 4B). In HT29-shST3GAL2 pool,
clone 1 and clone 2 populations, the expected
bands were significantly 3-fold less intense
compared to control cells. We completed the
characterization of HT29-shST3GAL2 cells by
measuring the loss of epitope SSEA-4, the GSL
exclusively synthesized by ST3GAL2. There is
a lack of SSEA-4 labelling in the HT29-
shST3GAL2 cells compared to HT29-shctrl
cells, while we still detect SSEA-3, the acceptor
substrate of ST3GAL2 (Figure 4C).
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To assess the impact of ST3GAL2 KD on HT29
behavior, we performed functional tests.
Preliminary tests were taken on the three HT29
populations (pool, clone 1 and clone 2 cells) to
ensure that the effects of KD are not clone-
dependent, due to a position effect of shRNA
insertion (Figure 5). Proliferation capacities of
HT29 cells were determined by counting cells
every 24 h for 96 hours using two different
methods (Figure 5). The KD of ST3GAL2
induced a cell proliferation decrease which
began at 48 h and became significantly more
pronounced at 72 h and 96 h (Figure 5A). At 72
h, the number of HT29-shST3GAL2 cl2 cells
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Figure 2. Immunohistochemistry performed on biopsies from CRC patients. Immunohistochemistry analyses
performed with anti-ST3GAL2 antibody on healthy section and tumoral section from biopsies from patients with
colorectal tumors at different stages. Patient Pat 44 represents a stage O from a woman CRC. Patient Pat 34 rep-
resents a stage Il from a man and patient Pat 25 represents a stage IV from man. For Pat 8 which represents stage
I, healthy and tumoral tissues are present on the same biopsy. ST3GAL2 immunolabelling was more intense in
tumoral section (brown staining) compared to healthy section where immunolabelling was only observed in lympho-
cytes surrounding the Luberkhunien glands. Scale bar: 100 ym. (TmT: Tumor Tissue, HT: Healthy Tissue, M: Muscle,
I: intestinal lumina).
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Figure 3. HES and Ki67 stainings performed on biopsies from CRC patients. HES (left panels) and Ki67 (right
panels) stainings on healthy and tumoral sections from different stage biopsies. HES staining revealed a classical
architecture of healthy tissue with polarized epithelium invaginating in Lieberkuhn crypts, while this structured
architecture was totally abolished into tumoral section. Ki67 stainings, for their part, were more pronounced in
tumoral section which is consistent with the proliferative nature of tumoral tissue. In healthy section, Ki67 staining
was only observed in bottom pole of intestinal glands, consistent with the literature. Scale bar: 500 pm.

was 53.3x10%+5.6x10% compared to 80.4x
10%+6.8x10° for control cells (P=0.037), and
this difference increased at 96 h (72.2x103
+11.8x10°% vs 133.4x10%+9.3x10%, P=0.026).
We hypothesized that this cell proliferation
defect could be due to a disturbance of the cell
cycle and/or of the cell death. Since the results
obtained with the three populations were
similar, we used the clone 2 population, which
presented the most important decrease of
ST3GAL2 expression, for further investi-
gations.

Cell cycle analysis by flow cytometry revealed
that the distribution of cells in the different
phases of the cell cycle was modified by
ST3GAL2 KD (Figure 6A). Almost twice as
many cells were in S phase for ST3GAL2 KD
cells (49.4%+1.2%) compared to control cells
(25.8%+0.2%, P<0.0001) at the expense of
the G1 phase (only 39.6%+0.8% of cells for KD
cells compared to 64.7%+1.3% (P<0.0001) for
control cells).

Apoptosis rate of HT29-shST3GAL2 was first
determined by ELISA cell death based on cyto-
plasmic histone associated DNA fragments
detection. Cells treated with diosgenin, a potent
apoptosis inducer, were used as a control [45].
Apoptosis of HT29-shST3GAL2 cells was six-
fold higher than for HT29-shctrl cells (Figure
6B). This result was confirmed by double stain-
ing Annexin-V/PI (Figure 6C). HT29-shctrl cells
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displayed a significantly lower proportion of
cells in early apoptosis compared to HT29-
ShST3GAL2 (2.98%+0.41% vs 15.58%+4.16%;
P=0.0065), and in late apoptosis (3.44%=+
0.96% vs 11.95%+1.35%; P=0.0009). Out of
10,000 cells analyzed, living cells represented
86.14%+5.40% of the cell population for
HT29-shctrl cells, and only 59.36%+4.90% for
HT29-shST3GAL2 cells (P=0.003). Therefore,
the decrease in proliferation of HT29-shST3-
GAL2 cells could be attributed to either an
accumulation of cells in S phase and to an
increase of apoptosis.

Furthermore, cell migration, assessed with a
four days healing test, was significantly reduc-
ed in HT29-shST3GAL2 cells compared to
HT29-shctrl cells (24 h: 10.0%+0.3% vs
81.4%+18.6%, P=0.0185; 48 h: 23.2%+6.1%
vs 100.0%, P=0.0002; 72 h: 70.0%+6.1% vs
100.0%, P=0.0211). Within 48 h, HT29-shctrl
cells have completely filled the gap generated
by the insert (Figure 6D), while only 23% of
the gap was filled by HT29-shST3GAL2 cells
after 48 h of culture. (Migration capacities for
HT29-shST3GAL2 pool and cl1 were perform-
ed and are available on request from the cor-
responding author.) Invasion capacity was
assessed using transwell assay with matrigel.
ST3GAL2 silencing induced the loss of invasion
ability compared to control cells for which a
large number of cells crossed the membrane.
Figure 6E shows that from 72 h, control cells
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Figure 4. ST3GAL2 KD validation. A. Relative mMRNA levels of ST3GAL2 were measured by real time qPCR assays
after transfection of shRNA control or shRNA against ST3GALZ2 in the colorectal cell line HT29. Bar graph repre-
sents mean of ST3GAL2 mRNA relative quantity + SD, *P<0.05; **P<0.01, ***P<0.001. B. Protein levels of ST3GAL2
were analyzed by western blotting assays in HT29 transfected with shRNA against ST3GAL2 compared to HT29
transfected with shRNA control. Western blots were performed in triplicate, the table shows the ST3GAL2/GAPDH
ratio mean + SD. p values are calculated for each KD cell populations vs HT29-shctrl. "P<0.05, **P<0.01. C. Immu-
nofluorescence labelling of Stage Specific Embryonic Antigen 4 (SSEA-4) (red), SSEA-3 (green) and DNA with DAPI
(blue), performed on the different HT29 cells knockdown for ST3GAL2 (HT29-shST3GAL2) and HT29 control cells

(HT29-shctrl). Scale bar: 100 ym.
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Figure 5. Proliferation assays on the different HT29 population cells: Prolif-
eration capacities of HT29-shctrl, HT29-shST3GAL2 pool, HT29-shST3GAL2
cll and HT29-shST3GAL2 cl2 cells were assessed using two different meth-
ods, cell counting (A) and CCK8 kit assay (B). Proliferation test with CCK8 kit
and counting method gave similar results. Data are represented as mean of
counting cells per day + SD (A) or mean of absorbance at 460 nm per day *
SD (B) from three independent experiments. “P<0.05, **P<0.01, ***P<0.001.

crossed the membrane coated by matrigel,
whereas only a few KD cells crossed this mem-
brane as shown by the absence of stained
cells. Consistently, these results showed that
knockdown of ST3GAL2 expression reduced
HT29 properties associated to tumor pro-
gress.

Knockdown of ST3GALZ2 decreased tumor for-
mation in vivo

ST3GAL2 KD highly changed the behavior
of xenografted HT29 cells into nude mice.
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72

ST3GAL2 detection by immu-
nohistochemistry (Figure 8A,
8B) revealed a less intense
96 labelling of ST3GAL2 (brown
staining) within tumors from
HT29-shST3GAL2 compared
to tumors from HT29-shctrl
cells (Figure 8A), which is
consistent with the initial
expression of ST3GAL2 in
HT29 control and KD cells. We
noticed that tumors from
HT29-shctrl cells presented
more necrotic zones (dark brown staining) than
tumors from HT29-shST3GAL2 cells, probably
due to a faster growth. In these same tumors,
Ki67 staining (Figure 8C, 8D) showed that, a
lower proportion of HT29-shST3GAL2 cells was
under proliferation, which may explain the dif-
ference in tumor growth rate.

Knock-down of ST3GAL2 impacts spheroid
evolution in vitro

Additional experiments were performed to
test spheroid formation capacities of HT29-
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Figure 6. Functional tests on HT29 cells. A. Cell cycle analysis by flow cytometry of ST3GAL2 KD and control cells. The percentages correspond to cells in G1 phase,
S phase and G2/M phases. B. DNA fragmentation in HT29-shctrl and HT29-shST3GAL2 cells was quantified by ELISA. DNA degradation is expressed relative to
control cells. Graph bars represent mean + SD. C. HT29 cells were stained with Annexin V-FITC and PI, and analyzed by flow cytometry. Percentages represent liv-
ing cells in lower left panel, cells in apoptosis in lower right panel, and dead cells in upper right panel. D. Migration assays were performed in free FBS medium
to detect the cell migration ability of HT29 cells. The gap closure was measured every day and converted in closure percentage. Graph bars represent means of
percentage closure + SD. from three independent experiments. "P<0.05, “"P<0.001. E. Invasion tests: cells were placed in the upper chamber of a transwell insert,
and matrigel-transwell assays were performed to detect every 24 h the cell invasion ability of HT29 cells by crystal violet staining of cells on the underside of the
membrane. "P<0.05, **P<0.01, ***P<0.001.

294 Am J Cancer Res 2022;12(1):280-302



ST3GALZ2 overexpression is implicated in colorectal tumorigenesis

W
@]

1100.0 - — 1000
10000 + [ HT29-shctrl
~ 9000 -
2 oo | DHT29-shST3GAL2 a
£ ' £
*q-; 700.0 - Jode ke ": 600
g 600.0 - {» "‘1:0
= 5000 - PRy (]
Q * %k 2 400
Z 4000 - =
g 3000 - * % % g
IE 5000 e * % - 200 * %k
" i
00 1= I3 = : ; . : . ; 0
7 10 13 18 21 25 28 32 35 41 HT29shctd  HT29shST3GAL2
Time growth (days)

295 Am J Cancer Res 2022;12(1):280-302



ST3GAL2 overexpression is implicated in colorectal tumorigenesis

Figure 7. Tumor growth into mice. In vivo tumor formation into nude mice xenografted with HT29-shctrl cells or HT29-
shST3GAL2 cells was observed. Knock-down of ST3GAL2 reduced tumor growth in vivo (A). The tumor volume (B)
and weight (C) were significantly lower with HT29-shST3GAL2 xenografts. Tumors were named with mice identifica-
tion number and with letter r (right flank) or | (left flank). Graph bars represent means of volumes and weights + SD.

“P<0.05, *"P<0.01, **P<0.001.

shST3GAL2 cells compared to HT29-shctrl
cells. We used specific 96-wells plates where
only one spheroid can form into each well.
Knock-down of ST3GAL2 did not affect spher-
oid formation but seems to alter its evolution.
At 24 h of culture, spheroids formed from
HT29-shctrl cells were more circular compared
to HT29-shST3GAL2 spheroids for which we
observed loose spheroids. After 120 h of cul-
ture, spheroids from HT29-shST3GAL2 cells
were more widespread (Figure 9A). Perimeters
of these spheroids showed that size of spher-
oids from HT29-shST3GAL2 cells did not
increase compared to spheroids from HT29-
shctrl cells (Figure 9B). Perimeters of HT29-
shctrl spheroids decreased between 24 h and
48 h because of cell compaction, then spher-
oid size began to increase at 96 h. HT29-
shST3GAL2 spheroids did not have size evolu-
tion during 120 h. This result suggests ST3-
GAL2 is implicated in spheroid evolution.

Discussion

Cancer process is an addition of many cellular
changes, like the regulation of cell prolifera-
tion/death, associated to variation of protein
expression (increase of oncogenes and/or
decrease of tumor suppressors) and post-
translational modifications. All these changes
lead to favor cancer cell proliferation, survival
and invasion. Among these modifications, the
alteration of glycosylation pattern plays a cru-
cial role. Cancer cells are characterized by
many changes in glycosylation which lead to
heterogeneity in tumoral cell population [11].
Glycans carried by tumoral cells are implicated
in several mechanisms of cancer progress
such as cell adhesion, migration and invasion
[46]. Among all glycosylations, sialylation medi-
ated by ST6GAL1 was largely studied in can-
cers. ST6GAL1 was shown to be overexpress-
ed in early stages of CRC and implicated in
tumorigenesis by adding sialic acid on some
membrane glycoproteins, mostly responsible of
cell movement, cell death and survival [28].
02-6 sialylation of B1 integrin by ST6GAL1 pre-
vents cell adhesion to galectin-3 and hence
protects cells against apoptosis promoted by
galectin-3 [47]. Another a2,6-sialyltransferase,
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ST6GALNACD, is responsible of biosynthesis of
ao-series gangliosides and is overexpressed in
breast-metastasis found in brain [48]. Another
ganglioside, SSEA-4, the product of ST3GAL2,
is implicated in breast and ovarian cancers
[38], and in prostate cancer [49]. The presence
of this ganglioside favors chemotherapy resis-
tance and the epithelio-mesenchymal transi-
tion of cancer cells [38].

In CRC, we observed variations in gene expres-
sion relating to sialyltransferases from RNA-
Seq databases. One sialyltransferase gene
stand outs, ST3GAL2, which is overexpressed
in CRC compared to normal tissue. ST3GALZ2 is
overexpressed in all CRC stages (Figure 1).
When we look at ST3GAL2 expression in HT29
cell line by western blot, we can observe com-
parable levels of ST3GAL2 expression between
human CRC samples and HT29 cells. Thus, we
chose to use this cell line, which represents an
intermediary stage of CRC, as an in vitro model.
To study the role of ST3GAL2, we created HT29
cells knock-down for ST3GAL2. We obtained
a HT29 clone with a significant decrease of
ST3GAL2 expression compared to HT29 con-
trol cells (70% decrease of mRNA and near
80% decrease of protein). These cells were
used to make xenografts into nude mice. Our
in vivo study showed that, when xenografted
into nude mice, human CRC HT29-shctrl cells
formed 4-fold bigger and 5.4-fold heavier
tumors compared to HT29-shST3GAL2 cells.
Ki67 staining of these tumors showed a
decrease of proliferating cells compared to
control cells. These results correlated well with
the in vitro studies showing a decrease in
proliferation capacities of HT29-shST3GAL2
cells, a higher cell proportion in the S phase of
cell cycle, and a 4-fold increase in apoptosis
(Figures 5 and 6). The knock-down of ST6GAL1
gave similar results on cell migration capacities
and apoptosis rate in ovarian cancer [50]. In a
different cellular model, SW948 colorectal cell
line, ST6GAL1 overexpression induces an
increase of migration capacities [51] but sur-
prisingly abolishes tumorigenicity in vivo [51].
In fact, ST6GAL1 overexpression in SW948
cells increased migration capacities [51, 52],
while in SW480 cells, ST6GAL1 overexpression
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Figure 8. Immunohistological analyses of mouse tumors. ST3GAL2 immunohistochemistry was performed on tu-
mors derived from mice xenografted with HT29-shctrl (A) or HT29-shST3GAL2 (B). Ki67 staining of tumors from
mice xenografted with HT29-shctrl (C) or HT29-shST3GAL2 (D) cells was also performed. Necrosis zones are indi-
cated with red arrows. Scale bar: 50 ym.
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Figure 9. Spheroid formation ca-
pacities. A. Capacities of spheroid
formation of HT29-shctrl cells
and HT29-shST3GAL2 cl2 cells
were tested during 120 h using
specific 96 well plates. Only one
spheroid can form per well, pic-
tures were taken every 24 hours
to compare spheroid evolution.
Scale bar: 100 um. B. Spheroid
perimeters of HT29-shST3GAL2
were significantly smaller at 24 h
and 120 h. ""P<0.01, ""P<0.001.

decreased migration capaci-
ties [52], but protect cells
against apoptosis [47]. The
effects of ST6GAL1 overex-
pression seem to be depen-
dent on the cell line used and
its origin (cancer stage) [53].

HT29 cells are known to form
spheroids under appropriate
conditions [54]. Firstinvestiga-
tions with spheroid experi-
ments showed that ST3GAL2
knock-down altered spheroid
evolution. We can suppose
that ST3GAL2 overexpression
is implicated in spheroid
maintenance in vitro and
so in tumor evolution. Similar
results were observed with
ST6GAL1 knock-down in pan-
creatic cells [55], where this
KD altered spheroids growth.

a2-3 sialylation has already
been studied in many can-
cers, like in ovarian cancer
[56] where higher expression
of ST3GAL1 enhanced migra-
tion and invasion capacity of
ovarian cancerous cells. It
was also studied in pancreatic
cancer [57] where the KD of
ST3GAL3 and ST3GAL4 in
cancerous pancreatic cells
led to a decrease of cell mi-
gration. We observed similar
results with HT29-shST3GAL2
in our study, even if ST3GAL2
acts preferentially on ganglio-
sides while the three other
sialyltransferases act prefer-
entially on glycoproteins. Fur-
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thermore, «2-3 sialylation catalyzed by
ST3GAL2 has not been studied in colorectal
cancer context. ST3GAL2 contributes to the
synthesis of two gangliosides, GD1a and GT1b,
which can, by additional sialylation, lead to
three last forms of polysialylated gangliosides,
GTlax, GQlaB and GD1x [33, 58]. Gangliosides
overexpression were frequently observed in
tumors, but the underlying mechanism is not
fully understood [58]. GSL regulates many cell
processes, like apoptosis, cell cycle or cell sig-
naling. A previous study reported that the levels
of GM3 ganglioside increased during apoptosis
into cutaneous T lymphocyte model, and that a
decrease of GM3 synthase (ST3GAL5) reduced
apoptosis [59]. GM3 synthase allows (indirect-
ly) synthesis of ganglioside GD2, this one is
considered by authors as a receptor of cell
death signal but how GD2 acts to transduce
this signal is still unexplained [60]. As men-
tioned before, SSEA-4 is synthesized only by
ST3GAL2 as GD1a and GT1b. However, the rel-
ative amounts of all of these products remain
unknown. We can reasonably assume that
colorectal tumor cells display more GD1a gan-
glioside compared to normal cells in view of
ST3GAL2 overexpression. Interestingly, GD1a
favors EGFR dimerization, and so activation of
the signal transduction when EGF is added,
leading to activation of different protein kinas-
es which contribute to cell growth, proliferation
and survival [61]. Gangliosides are also involv-
ed in cell cycle regulation. Exogenous treat-
ment of mesangial cells with gangliosides GM1
and GM2 lead to a cell cycle arrest via an
increase of cyclin dependent kinase inhibitor
(CDKI) p21"afl/Cirt expression [62]. Thus, it may
be assumed that GM1 and GM2 act as cell
cycle inhibitors. However, GM1 and GM2 are
precursors of GDla produced by ST3GAL2.
Due to the ST3GAL2 overexpression within
tumor, we hypothesize that the amounts of
GM1 and GM2 are reduced and so their inhibi-
tory effects on cell cycle. Moreover, GD1a,
which results from GM1 and GM2, is known to
activate EGFR and thus to promote tumorigen-
esis. A high amount of SSEA-4, an another gan-
glioside, is associated to poor prognosis in sev-
eral cancers such as breast cancer [38], liver
cancer [36] or lung cancer [63]. Therefore, we
can reasonably suppose that ST3GAL2 overex-
pression could contribute to tumorigenesis by
generating more GD1a and SSEA-4.

Recently, Zhang et al. [64] demonstrated
the implication of O-glycosylation and GSL-
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glycosylation in metastatic process of pancre-
atic cancer. Using a pancreatic metastatic cell
line and a non-metastatic cell line as models,
they demonstrated a change in expression of
genes related to O-glycosylation and GSL-
glycosylation, while no significant change was
observed for N-glycosylation genes between
the two cell lines [64]. For O-glycosylation and
GSL-glycosylation, an abundance of «2-3
sialylation on galactose was observed in meta-
static cell line compared to non-metastatic cell
line [57]. The two sialyltransferases ST3GAL3
and ST3GAL4 are implicated in sLe* and sLe?
synthesis carried by O-glycoproteins. A KD of
the corresponding genes decreased invasion
capacities and E-selectin binding of pancreatic
tumor cells in vitro [57], but the underlying
mechanism is not fully understood.

HT29 cells showed a high level of SSEA-4
(Figure 4), while in KD ST3GALZ2 cells, SSEA-4
rate significantly decreases. The phenotypes
of these modified cells are close to those
observed with a2-6 sialylation inhibition due to
KD of ST6GAL1. Consequently, the progression
of CRC would depend on these two sialyla-
tions, a2-6 sialylation by ST6GALL1 and «2-3
sialylation by ST3GAL2.

In addition to GSL, O-glycoproteins can also be
sialylated by ST3GAL2 [32]. Consequently, the
results we observed are likely combined eff-
ects of a2-3 sialylation of GSL and O-glyco-
proteins. So far, no study has focused on
O-glycoproteins sialylated by ST3GAL2 in CRC
context. We hypothesize that identification of
such O-glycoproteins in HT29 cells may help
understanding of the observed changes in pro-
liferation, invasion and migration. Moreover,
these glycoproteins could constitute new bio-
markers for early stages of CRC, since HT29
represents a stage 2 of this cancer.
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