Applied Microbiology and Biotechnology (2023) 107:1405-1420
https://doi.org/10.1007/500253-022-12321-2

APPLIED MICROBIAL AND CELL PHYSIOLOGY q

Check for
updates

Role of ST6GAL1 and ST6GAL2 in subversion of cellular signaling
during enteroaggregative Escherichia coli infection of human
intestinal epithelial cell lines

Shipra Chandel’ - Archana Joon' - Simarpreet Kaur' - Sujata Ghosh'

Received: 8 June 2022 / Revised: 25 November 2022 / Accepted: 30 November 2022 / Published online: 17 January 2023
© The Author(s), under exclusive licence to Springer-Verlag GmbH Germany, part of Springer Nature 2023

Abstract

Emerging evidence have suggested that aberrant sialylation on cell-surface carbohydrate architecture may influence host—
pathogen interactions. The o2,6-sialyltransferase (ST) enzymes were found to alter the glycosylation pattern of the pathogen-
infected host cell-surface proteins, which could facilitate its invasion. In this study, we assessed the role of specific a2,6-ST
enzymes in the regulation of enteroaggregative E. coli (EAEC)—induced cell signaling pathways in human intestinal epithelial
cells. EAEC-induced expression of «2,6-ST family genes in HCT-15 and INT-407 cell lines was assessed at mRNA level by
gRT-PCR. Specific esi-RNA was used to silence the target ST-gene in each of the EAEC-infected cell type. Subsequently,
the role of these enzymes in regulation of EAEC-induced cell signaling pathways was unraveled by analyzing the expression
of MAPkinases (ERK1/2, p38, JNK) and transcription factors (NFxB, cJun, cFos, STAT) at mRNA and protein levels by
gRT-PCR and western immunoblotting, respectively, expression of selected sialoglycoproteins by western immunoblotting
along with the secretory IL-8 response using sandwich ELISA. STOGAL-1 and ST6GAL-2 were efficiently silenced in EAEC-
infected HCT-15 and INT-407 cells, respectively. Significant reduction in EAEC-induced activation of MAPKSs, transcription
factors, sialoglycoproteins, and IL-8 secretion was noted in ST-silenced cells in comparison to the respective control cells.
We propose that STO6GAL-1 and ST6GAL-2 are quintessential for EAEC-induced stimulation of MAPK-mediated pathways,
resulting in activation of transcription factors, leading to an inflammatory response in the human intestinal epithelial cells.
Our study may be helpful to design better therapeutic strategies to control EAEC- infection.

Key points

e FAEC induces a2,6-sialyltransferase (ST) upregulation in intestinal epithelial cells

o Target STs (STOGAL-1 & ST6GAL-2) were efficiently silenced using specific esiRNAs
e Expression of MAPKs, transcription factors & IL-8 was reduced in ST silenced cells

Keywords Enteroaggregative Escherichia coli - Sialyltransferases - qRT-PCR - IL-8 secretion - Silencing - P-3Fax-Neu5Ac

Introduction

Altered glycosylation, especially aberrant sialylation of the
host cell-surface glycans was found to be associated with
bacterial infections (Varki 2017). Such modulation of the
glycosylation pattern was shown to mediate bacterial entry
and influence the host immune response, hence essential in
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facilitating bacterial pathogenesis (Day et al. 2015; Lin et al.
2020; Poole et al. 2018). The potential role of pathogen-
induced modulation of sialylation has been well established
in the case of H. pylori infection, in which an increased
expression of sialyl-Lewis* and sialyl-Lewis™ was noted on
the gastric mucosa. These sialylated glycans were shown as
the binding sites for the sialic acid binding adhesin (SabA)
of this organism, leading to successful bacterial coloniza-
tion (Sun et al. 2022). An enhanced sialylation of mucins,
found in cystic fibrosis patients, could make them more
prone to lung infection by P. aeruginosa (Caballero et al.
2021). Recently, the attachment of spike protein of the
SARS-COV-2 to the host’s sialic acids has been found to be
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essential for the entry of the virus followed by its fusion to
the membrane of the host cells (Nguyen et al. 2022).

It was reported that hemagglutinin of human influenza
virus A could utilize ST6GAL-1 (ST6p- galactoside a-2,6-
sialyltransferase-1)—transferred «2,6-linked sialic acids as
the binding partners for its attachment to the human respira-
tory tract. Further, downregulation of ST6GAL-1 by siRNAs
specific for the target gene led to a reduction in virus inter-
nalization, thereby generating an effective antiviral response
(Wu et al. 2014). Also, an increased level of f3GIcNACTS, a
GlcNAc transferase, has been observed in H. pylori—infected
gastric carcinoma cell lines (Marcos et al. 2008). Cumulatively,
these evidences suggested that overexpression of ST enzymes
could result in hypersialylation, leading to disease progres-
sion and thus making ST inhibition as a promising strategy to
control the infection. Among various ST inhibitors, P-3Fax-
Neu5Ac (peracetylated analog of sialic acid) and cytidine-5'-yl
sialyl ethylphosphonate (bisubstrate CMP-sialic acid analog)
have been used to inhibit the activity of o2,3- as well as a2,6-
STs effectively (Rillahan et al. 2012; Izumi et al. 2005).

Studies have suggested that pathogens could manipulate
a myriad of signaling pathways associated with pathogen
recognition and invasion, leading to inflammatory responses
(Alto and Orth 2012; Bahia et al. 2018). It was shown that
Salmonella typhimurium infection could trigger the activa-
tion of various MAPKSs (mitogen-activated protein kinases),
which could play an important role in the stimulation of pro-
inflammatory cytokine responses (Hobbie et al. 1997). In
this context, it can be mentioned that earlier studies from our
laboratory have also shown that IL-8 response induced by
EAEC in INT-407 cells might be due to activation of NF-xB
and AP-1, mediated by the stimulation of MAPKs (Khan
et al. 2010). Further, it was reported that a galactose spe-
cific adhesin of EAEC might be a major contributor to IL-8
secretion by these cells through STAT-3 activation in concert
with the activation of ERK1/2 (Goyal et al. 2010). A recent
report unraveled the role of ST6GAL-1 in promoting sus-
tained signaling through NF-kB and JAK/STAT pathways,
the prominent inflammatory pathways in human monocytic
cell line (Holdbrooks et al. 2020). Also, in cystic fibrosis
patients, an inflammation-induced upregulated expression of
IL-8 and IL-6 was shown to be associated with an enhanced
level of ST3GAL-6 and GlcNAc-6-O-sulfotransferases,
resulting in an accumulation of sialyl-Lewis* and 6-sulfo-
sialyl-Lewis* determinants on human airway mucins, which
might act as the ligands for P. aeruginosa infection (Groux-
Degroote et al. 2008).

However, EAEC-induced modulation of the expression of
relevant glycosyltransferases leading to a change in glyco-
sylation pattern in the human intestinal epithelium and their
effect on the disease process have not been established till
date. Intriguingly, previous reports from our laboratory have
shown that EAEC-T8 (an invasive clinical isolate) could
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induce sialylation («2,6 linked) of the membrane proteins
including VDAC-2 and Prohibitin-2 of HCT-15 and INT-407
cells (Chandel et al. 2022). Therefore, in the present study,
we focused on assessing the EAEC-induced expression of all
the members of a2,6-ST family in human colonic as well as
small intestinal epithelial cell lines. We also investigated the
role of specific ST enzymes on the expression of VDAC-2
and Prohibitin-2, various signal transduction pathways, and
their involvement in the secretion of IL-8 by these cells.

Materials and methods
Chemicals

The Roswell Park Memorial Institute Medium (RPMI)
1640, Dulbecco’s modified Eagle’s medium (DMEM, high
glucose), and fetal bovine serum (FBS) used in the present
study were obtained from GIBCO (Thermo Fisher Scientific,
Waltham, MA, USA). All the primary and secondary anti-
bodies were procured from Santa Cruz Biotechnology (St.
Louis, USA). Specific primers for the various target genes
and 3Fax-Peracetyl NeuSAc were obtained from Sigma
Aldrich (USA). Lipofectamine 2000 and TRIzol® were
procured from Invitrogen (CA, USA). Luria—Bertani (LB)
broth, Trypsin, and EDTA were procured from Hi-media
(India).

Cell culture

HCT-15 (human colon carcinoma cell line) and INT-
407 (human embryonic small intestinal epithelial cell
line), obtained from NCCS (Pune, India), were cultured
in RPMI-1640 and high glucose-containing DMEM,
respectively, in a CO, incubator (New Brunswick
Eppendorf, Germany) at 37 °C. The media were supple-
mented with 10% fetal bovine serum (heat inactivated
for 30 min at 56 °C), antibiotics (penicillin, 50units/
ml; streptomycin, 50 pg/ml), 10-mM HEPES (pH 7.4),
sodium bicarbonate (1.0 g/l), glucose (4.5 g/1), and
sodium pyruvate (1 mM).

Bacterial strains

EAEC-T8 (an invasive clinical isolate) and EAEC- 042
(non-invasive prototype strain) strains, procured from the
NICED (Kolkata, India), and a plasmid-cured EAEC-T8
strain (EAEC-pT8) were used in this study(Konar et al.
2012). Bacteria were cultivated overnight at 37 °C, 150 rpm
in LB broth, washed, and suspended (O.D.4y; .y =1 for
6 % 10® bacteria/ml) in appropriate antibiotic-free media for
infecting the cell lines.
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Infection of cell lines

For EAEC infection, 5x 10° cells (HCT-15 and INT-407)
were seeded in 6-well tissue culture plates and grown to~85%
confluency. EAEC strains diluted in serum and antibiotic-free
media were used to infect the cell lines at a multiplicity of
infection (MOI) of 100 bacteria per epithelial cell for 3 h at
37 °C. The monolayers were washed with PBS (phosphate
buffer saline, pH 7.2) to remove extracellular bacteria. The
infected cells were detached using Trypsin (0.25%)/1 M
EDTA solution and used for subsequent experiments.

RNA isolation

Total RNA was extracted from each cell type, infected
with each EAEC strain (EAEC-T8, EAEC-pT8, and EAEC-
042) separately as well as from the uninfected cells (controls)
using TRIzol® as per manufacturers’ instructions (Chomc-
zynski and Sacchi 2006). Briefly, TRIzol™ (1 ml) was used
to lyse the cells (3 x 10%) following incubation (30 min,
4 °C). Subsequently, RNA was extracted using a mixture of
chloroform (20%) and isopropanol (50%). The sample was
centrifuged (12,000 g, 10 min, 4 °C), and total RNA was
precipitated as a white gel-like pellet. The precipitated RNA
pellet was subjected to ethanol (75%) washing by centrifu-
gation (7500 rpm, 5 min) and resuspended in RNase-free
water. The RNA concentration was measured spectrophoto-
metrically (Infinite® 200 PRO Microplate reader, TECAN,
Switzerland). The absorbance of each sample was taken at
260 nm and 280 nm. The RNA concentration was calculated
in pg/ml, where 10.D. at 260 nm corresponds to 40 pg/ml of
RNA. Only samples with A260/A280 ratios of 1.8-2.0 were
considered pure and used for further experiments.

cDNA synthesis and qRT-PCR

Briefly, 1 pg of total RNA isolated from both types of cul-
tured cells infected with and without EAEC was reverse tran-
scribed into cDNA, using First Strand cDNA synthesis kit
(Thermo Scientific, USA) according to the manufacturers’
instructions. Using cDNA as the template, the expression
of each gene of a2,6- ST family in the cells was assessed at
mRNA level by qRT-PCR (quantitative reverse transcriptase
polymerase chain reaction) on a LightCycler® 96 Instrument
(Roche Life Sciences, Germany). For gRT-PCR, the reaction
mixture (10 pl) contained 1 pl of template cDNA, 0.75 pl
of 0.2 uM specific primer pair (Table 1; KiCqStart prim-
ers, Sigma Aldrich, USA), and 5 pl of SYBR green master
mix [DyNAmo ColorFlash SYBR Green qPCR Kit (F416L,
Thermo Fisher Scientific, USA)]. The thermal profile of the
gRT-PCR reaction is given in Table 2. For negative controls,
the addition of template cDNA was excluded. The threshold
cycle (C, value) for each mRNA was calculated using the
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Table 1 Primer sequence of a2,6-sialyltransferase family genes
Gene Primers Transcript
variants
(bp)
ST6GAL-1 “5'-CTTGTTTTCCTGCTCAGA-3” 166
“5'-GCAAACAGAAGAAAGACC
A3
ST6GAL-2 “5'-ACGCTGCTGATTGACTCT 160
TCT-3"
“5'-CACATACTGGCACTCATC
TAA-3"”
ST6GALNAc-1 “5'-CTGGTCTTCTTTCTCTTCG-3” 192
“5'-GTTGAGGGCATTGTTCTCT-3"”
ST6GALNAc-2  “5'-CTTTGCCCTGTACTTCTCG-3"” 205
“5'-CAGCACTGGAATGGAGAG
A3
ST6GALNAc-3 “5'-GGACAACCTGGTACAAAG 174
3"
5"-TATCTCATTTCCCACCTTC-3"
ST6GALNAc-4 “5'-ACCTGCCTGGACCACCAC 188
3™
“5'"TCGGCACTGTCGATCTCAG-3"”
ST6GALNAc-5 “5-TGGACGGATACCTCGGAG 121
T3
“5'-GTCTGGTCAATCTGGGAG
c-3™
ST6GALNAc-6 “5'-ACCTACCCCTCAGCAGAC 179
G-3™
“5'-CTTGAGGTTGACAGGTCG
G-3"™
18S rRNA “5'-ATCCTGCCAGTAGCATAT 250
GC-3”
“5'-ACCGGGTTGGTTTTGATC
TG-3"
Table 2 Reaction conditions of thermal cycler for qRT-PCR
Pre-incubation 95 °C; 10 min
Amplification 40 cycles
95°C, 15
Annealing temperature (gene specific), 20 s
72°C,20s
Melting 72 °C, 20 s (single cycle)
Annealing temperature +5 °C, 60 s
97°C, 15
Cooling 37 °C, 30 s (single cycle)

Lightcycler® 96 software. The C, value of each mRNA was
normalized to that of 18S rRNA (internal control) to obtain
AC, value (AC,=C, target gene — C, internal control). Sub-
sequently, the fold change of mRNA expression of each gene
in the infected cells relative to that in the control cells (unin-
fected cells) was calculated by using the formula 2-AAC,
where AAC,= AC, infected cells — AC, control cells (Livak
and Schmittgen 2001). All the experiments were conducted
thrice in triplicates.
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Silencing of specific sialyltransferases

For gene silencing, both the human intestinal cell lines
were seeded at a density of 3x 10° per well in 6-well plates
(Greiner, USA) and incubated overnight in a CO, incuba-
tor at 37 °C until they reach 60-70% confluency. The cells
were incubated for 2 h in antibiotic- and serum-free media,
after which they were transfected for 8 h with 50-pmol esi-
RNA against the mRNA of each target sialyltransferase
(Sigma Aldrich, USA) separately using lipofectamine
2000. Cells transfected with esi-RNA targeting FLUC
(firefly luciferase)-mRNA were used as a non-target nega-
tive control, whereas cells treated with only lipofectamine
2000 were taken as experimental control. The transfection
media was removed, and the cells were incubated in com-
plete media for an additional 36 h at 37 °C following which
infection with EAEC-T8 (at 1:100 MOI) was given for 3 h.
Cells were trypsinized, harvested, and washed stringently
to remove extracellular bacteria. The transfection efficiency
was assessed in view of mRNA expression of the target sia-
lyltransferase by qRT-PCR. 18S rRNA was used as an inter-
nal control. Each experiment was done thrice in triplicates.

Effect of silencing of specific sialyltransferase
on the activation of MAPKs, transcription factors,
and IL-8 response in EAEC-T8-infected cell types

Evaluation of the expression of MAPKs and transcription
factors by qRT-PCR

The EAEC-T8-induced expression of 18S rRNA, MAPKs
[ERK-1 (MAPK3), ERK-2 (MAPK1), INK (MAPKS), and
p38 (MAPKI14)], and transcription factors [NFkB, AP-1

(cJun and cFos), and STAT-3] at mRNA level in both cell
lines, pre-transfected with esi-specific sialyltransferase-
RNA and esi-FLUC-RNA separately as well as treated
with only lipofectamine, was assessed by qRT-PCR. Spe-
cific primer sequences (KiCqStart primers, Sigma Aldrich,
USA) for each molecule are given in Table 3. Relative fold
change of the expression of mRNA of each gene was evalu-
ated as 2724 in the target sialyltransferase-silenced cells
in comparison to that of the negative control (esi-FLUC-
RNA-transfected cells) and experimental control (lipo-
fectamine-treated cells). All the experiments were performed
thrice in triplicates.

Western immunoblotting

The expression of the MAPKs (pERK-1/2, ERK1/2, pp38,
p38, pJNK, and JNK) was assessed at the protein level by
western immunoblotting of the cell lysates, obtained from
each of the esi-specific-sialyltransferase-RNA—transfected,
esi-FLUC-RNA-transfected (negative control), and lipo-
fectamine-treated (experimental control) EAEC-T8—infected
cell type. In addition, their basal protein expression was
also assessed in the uninfected as well as in non-transfected
EAEC-T8-infected HCT-15 and INT-407 cells. For this,
following incubation (30 min, 4 °C) in lysis buffer [RIPA
(50-mM Tris/HCI (pH 8.0) containing 150-mM NaCl, 1.0%
NP-40, 0.5% sodium deoxycholate, 0.1% SDS, 10-mM
NaVO,, and cocktail protease inhibitors)], the cells were
sonicated (30 s on and 30 s off, 5 min). The lysates were
centrifuged (10,000 rpm, 10 min, 4 °C), and the supernatants
were subjected to 10% SDS-PAGE (Laemmli 1970). After
protein transfer (1 h, 350 mA, 20 V) to nitrocellulose mem-
branes (NCM, GE Healthcare, USA) (Towbin et al. 1979),

Table 3 Primer sequence of

. . X Gene Primers Transcript
various cell signaling genes variants
(bp)

ERK 1 (MAPK3) 5'"TTCGAACATCAGACCTACTG-3'; 131
5" TAGACATCTCTCATGGCTTC-3'

ERK 2 (MAPK1) 5'-GAAGCATTATCTTGACCAGC-3; 137
5" TCCATGGCACCTTATTTTTG-3'

JNK1 (MAPKS) 5'-GCTAGATCATGAAAGAATGTCC-3'; 88
5'-CTCCCGATGAATAATTCCAG-3'

p38(MAPK14) 5'-AGATTCTGGATTTTGGACTG-3'; 135
5'-CCACTGACCAAATATCAACTG-3'

STAT3 5'-GGTACATCATGGGCTTTATC-3'; 98
5" TTTGCTGCTTTCACTGAATC-3’

NF-xB 5'-CACAAGGAGACATGAAACAG-3; 188
5'-CCCAGAGACCTCATAGTTG-3’

c-Jun 5'-AAAGGATAGTGCGATGTTTC-3; 189
5" TAAAATCTGCCACCAATTCC-3’

cFos 5'-CAGTTATCTCCAGAAGAAGAAG-3'; 130

5'-CTTCTAGTTGGTCTGTCTCC-3'
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the membranes were treated with 5% BSA in TBST,, ;4 (TBS
containing 0.1% Tween-20) at 37 °C for 2 h. For non-phos-
phorylated antibodies, 5% skim milk (SM) in TBST,, ;4 was
used instead of BSA. Subsequently, the membranes were
incubated (4 °C, overnight) with specific antibody against
PERK, pp38, and pJNK (Santa Cruz Biotechnology, USA)
separately. The membranes were washed with TBST,, ¢,
treated (37 °C, 1 h) with the respective HRP-conjugated sec-
ondary antibody, finally developed using ECL Western Blot-
ting Detection Reagent (GE Healthcare, USA), and photo-
graphed in the FluorChem M system (ProteinSimple, USA).
Likewise, to assess the expression of total ERK1/2, p38, and
JNK, the bands corresponding to pERK, pp38, and pJNK
on the blots were stripped off by incubating the membranes
in warm stripping buffer [1.5% glycine, 0.1% SDS, and 1%
(v/v) Tween-20 in distilled water (pH 2.2)] for 20 min at
55 °C. This was followed by washing with TBST) ;, block-
ing; incubation with specific antibody against total ERK-
1/2, p38, and JNK separately as the primary probes; and
developed as mentioned before. The dilution used for each
antibody is shown in Table 4. The band intensity of each
MAPK and the respective phosphorylated MAPK in west-
ern immunoblot was quantified by scanning densitometry
using ImagelJ software. The densitometric value for pERK,
ERK1/2, pp38, p38, INK, and pJNK in each of the EAEC-
infected cell type pre-transfected with esi-RNA against spe-
cific sialyltransferase and esi-FLUC-RNA separately as well
as treated with only lipofectamine was normalized against
that of p-actin. The level of expression of pERK, pp38, and
pJNK was assessed by normalization of each value against
the value of total ERK1/2, p38, and JN,K respectively. Each
experiment was done in triplicates.

The expression of transcription factors [NF-xB, AP-
1(cFos and cJun), and STAT-3] as well as IxB was assessed
at the protein level in each of the target sialyltransferase-
silenced EAEC-T8-infected cell type along with the nega-
tive control as well as experimental control by western
immunoblotting. As mentioned earlier, their basal protein
expression was also assessed in the uninfected as well as
non-transfected EAEC-T8-infected HCT-15 and INT-407
cells. For this, the cytoplasmic and nuclear extracts from
the cells were prepared and fractionated separately by
using NE-PER™ Nuclear and Cytoplasmic Extraction Rea-
gents (Thermo Scientific™, USA) kit as per manufactur-
ers’ protocol. The cytoplasmic and nuclear proteins were
then subjected to western immunoblotting. After blocking,
membranes containing the cytoplasmic proteins were incu-
bated (overnight, 4 °C) separately with the specific antibody
(diluted in 2.5% SM-TBST, ;4) against NF-kB and total
STAT-3 (Santa Cruz Biotechnology), while the membranes
containing the nuclear proteins were incubated (overnight,
4 °C) separately with the specific antibody against NF-xB,
pSTAT-3, cFos, and cJun (Santa Cruz Biotechnology, USA,;
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Table 4 Dilutions of antibodies used in the study
Antigen Antibody clone Dilutions
ERK1 sc-94 (K-23) 1:1000
ERK2 sc-1647 (D-2) 1:1000
pERK sc-7976-R (Tyr-204)-R 1:1000
JNK sc-7345 (D2) 1:1000
pINK sc-6254 (G7) 1:1000
p38 sc-7972 (A-12) 1:1000
pp38 sc-166182 (E1) 1:1000
NF- kB sc-8008 (F-6) 1:750
IxB sc-203 (C-15) 1:500
STAT3 sc-482(C-20) 1:500
cJun sc-45(N) 1:200
cFos sc-52(4) 1:200
B-actin sc-47778(C4) 1:1000
Secondary antibody sc-2357 1:10,000
Mouse anti-rabbit [gG-HRP  sc-516102 1:10,000

Anti-mouse [gGk BP-HRP

Table 4). After washing, the membranes were treated with
the respective secondary antibody conjugated with HRP
(diluted as before) for 1 h at 37 °C. Bands were developed
as described earlier. Also, for the assessment of the expres-
sion of cytoplasmic IkB and total nuclear STAT-3, the bands
corresponding to cytoplasmic NF-kB and nuclear pSTAT-3
on the blots were stripped off. The blots were reprobed with
the specific antibody against IkB and total STAT-3, respec-
tively, and developed. The expression of each protein in each
of the sialyltransferase—transfected EAEC-T8—infected cell
line was evaluated by scanning densitometry (ImageJ soft-
ware), as discussed earlier. Further, the level of expression of
PSTAT-3 and nuclear NF-kB was obtained by normalization
of each value (normalized against -actin value) against that
of STAT-3 (normalized against cytoplasmic total STAT-3-
value) and cytoplasmic NF-kB, respectively. Each experi-
ment was performed in triplicates.

Further, to assess the basal level of expression of the
MAPKSs and transcription factors, their band intensity
was also quantified in both uninfected and non-transfected
EAEC-T8-infected cell lines. The densitometric val-
ues obtained for various cell signaling molecules in both
uninfected and EAEC-T8—infected cell lines were normal-
ized against that of p-actin. Each experiment was done in
duplicates.

Assessment of IL-8 response
EAEC-T8-induced expression of IL-8 was assessed in

each of the esi-FLUC-RNA-transfected (negative control),
lipofectamine-treated (experimental control), and specific
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sialyltransferase-silenced cell type at the mRNA level. Briefly,
the RNA was extracted from the cells, and the cDNA was
synthesized as mentioned earlier. Subsequently, qRT-PCR was
done using specific primers for IL-8 [(forward: 5" TCCAAA
CCTTTCCACCCCAA-3"; reverse: 5S"-TGCTTGA- AGT TTC
ACT- GGCATC-3') KiCqStart primers; Sigma Aldrich, USA],
as described earlier. The relative fold change of the expression
of IL-8-mRNA was evaluated in view of 2“2 in the specific
sialyltransferase-silenced cells with respect to negative control
and experimental control. 18S rRNA was used as an internal
control. All the experiments were done thrice in triplicates.
Further, the level of secretory IL-8 was assessed in the
culture supernatants, obtained from each of the specific sia-
lyltransferase-silenced EAEC-T8—infected cell line by IL-8
sandwich ELISA [BD OptEIA ELISA kit (BD PharMingen,
CA, USA)], as per manufacturers’ instructions. This assay uti-
lizes anti-human IL-8 as the capture antibody and biotinylated
anti-human IL-8 along with HRP-conjugated streptavidin as the
detection probe. To determine the unknown IL-8 concentration,
a standard curve was made by plotting the known concentra-
tions of IL-8 versus their absorbance values. The level of IL-8
was expressed as pg/ml. Appropriate controls were run in paral-
lel. Each set of the experiment was done thrice in triplicates.

Effect of sialyltransferase inhibitor (3Fax-Peracetyl
Neu5Ac) on IL-8 level of EAEC-T8-infected cells

In another set of experiments, the effect of sialyltransferase
inhibitor (3Fax-Peracetyl NeuSAc) on IL-8 response in each
cell type (uninfected and EAEC-T8—infected cells) was
assessed. Briefly, HCT-15 and INT-407 cells (5 X 10° cells/
well in a 6-well plate) were incubated in the presence and
absence of P-3Fax-Neu5Ac (64 umol/l) (Rillahan et al.
2012). The cells were cultured for 72 h followed by infec-
tion with EAEC-T8 for 3 h. The cell pellets and the culture
supernatants were collected. RNA was extracted from both
types of cells, and cDNA was synthesized as mentioned ear-
lier. The expression of IL-8 was assessed at mRNA level by
gqRT-PCR. Further, the level of secretory IL-8 in the culture
supernatants was estimated by sandwich ELISA. All the
experiments were performed thrice in triplicates.

Effect of silencing of specific sialyltransferase
on the expression of EAEC-induced
sialoglycoproteins in each cell line

Western immunoblotting was performed to assess the level of
expression of sialoglycoproteins (VDAC-2 and Prohibitin-2)
in each of the EAEC-T8-infected cell line, pre-transfected
with esi-RNA against each specific sialyltransferase and esi-
FLUC-RNA (negative control) separately as well as in the
cells pre-treated with lipofectamine (experimental control).
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For this, membrane proteins were isolated from each cell
type and subjected to western immunoblotting (Chandel et al.
2022). The membranes were incubated separately with specific
antibodies against each sialoglycoprotein and developed using
the above mentioned protocol. The glycoprotein expression
was assessed in each of the EAEC-infected specific sialyl-
transferase-silenced cell line in comparison to the respective
control cells using scanning densitometry (ImageJ software),
as described earlier. Each experiment was done in triplicates.

Effect of silencing of specific sialyltransferase
on adherence of EAEC to each cell type

The effect of silencing of specific sialyltransferase on the
adherence of EAEC to each cell line was assessed. Briefly,
cells were grown to 50% confluent monolayers, and the
media were replaced with antibiotic-free D-mannose
(0.5%) containing fresh media. Silencing of each specific
sialyltransferase in HCT-15 and INT-407 cell lines was
carried out as mentioned earlier. This was followed by
EAEC-TS8 infection (3 h at 37 °C) of the cells and washing
to remove the non-adherent bacteria. The cells were fixed
in methanol (70%, 5 min), stained with Giemsa stain (10%,
Hi-Media, India), and observed under light microscope
for the assessment of EAEC adherence. Also, in parallel,
cells under the same conditions were washed with sterile
warm PBS to remove non-adherent bacteria followed by
lysis in PBS containing 0.5% (v/v) Triton X-100 for 5 min
at 37 °C. The suspension containing bacterial cells was
serially diluted in PBS and plated on LB agar to quantify
the number of colony-forming units (CFU) per ml (Feeney
et al. 2017). Cells transfected with esi-FLUC-RNA and
treated only with lipofectamine 2000 were run as controls.

Statistical analysis

GraphPad Prism 5 Version 5.01 (GraphPad Software,
San Diego, USA) was employed for statistical analysis.
The data presented as the mean with standard deviation
(mean + S.D.) were analyzed using ANOVA, followed by
Tukey’s test, where p < 0.05 was considered as significant.

Results
Expression of a2,6-ST family genes was altered
in EAEC-infected intestinal epithelial cell lines

at mRNA level

In the present study, qRT-PCR data revealed altered
expression of «2,6-ST family genes (ST6GAL-1,
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ST6GAL-2, ST6GALNAc-1, ST6GALNAc-2, ST6GAL-
NAc-3, ST6GALNAc-4, ST6GALNAc-5, ST6GAL-
NAc-6) at mRNA level in both EAEC-TS, EAEC-pTS,
and EAEC-O42-infected HCT-15 and INT-407 cells as
compared to the respective uninfected cells (control).
The AC, values of the a2,6-ST family genes in both cell
lines are given in Table S1 (A and B), respectively. Fig-
ure 1 shows the graphical representation of the expres-
sion of all the eight genes of a2,6-ST family in each of
the control and EAEC-infected cell line. Analysis of data
revealed that EAEC-T8 could induce maximum expres-
sion of ST6GAL-1 in HCT-15 cells and ST6GAL-2 in
INT-407 cells at mRNA level among all other a2,6-ST
family genes, coding the enzymes, known to be respon-
sible for the transfer of sialic acids in a2,6 linkage to the
oligosaccharides of the glycoproteins. Thus, ST6GAL-1
and ST6GAL-2 were selected as the target ST genes to be
silenced in the EAEC-T8-infected respective cell lines.

The target ST genes were silenced efficiently
in EAEC-T8-infected intestinal cells

The level of expression of EAEC-T8-induced
ST6GAL-1 and ST6GAL-2 transcripts was found to
be reduced significantly in the esi-RNA-ST6GAL-1
and esi-RNA-ST6GAL-2-silenced HCT-15 and
INT-407 cells, respectively, as compared to the esi-
FLUC-RNA-transfected (negative control) and
lipofectamine-treated cells (experimental control),
as assessed by qRT-PCR (Fig. 2). AC, values of
ST6GAL-1 and ST6GAL-2 transcripts in each of the
esi-ST6GAL-1-RNA, esi-ST6GAL-2-RNA, and esi-
RNA-FLUC-transfected and only lipofectamine-treated
EAEC-T8-infected cell type are shown in Table S2. The
silencing efficiencies of ST6GAL-1 and ST6GAL-2
were calculated as 70.8% and 95.7% in the respective
cell line, respectively.

Silencing of target sialyltransferases in EAEC-T8-
infected intestinal epithelial cells attenuated
the expression of MAPKs, transcription factors,
and IL-8 secretion

A decreased expression of EAEC-T8-induced activated
MAPKs [ERK-1/2 (MAPK3/1), p38 (MAPK14), and JNK
(MAPKS)], transcription factors (NFxB, AP-1, and STAT-
3), and IL-8 at both mRNA and protein levels was noted
in ST6GAL-1 and ST6GAL-2-silenced HCT-15 and INT-
407 cells, respectively. The AC, values for the transcript
of each of these genes in target sialyltransferase-silenced
cells in comparison to the respective negative control and
experimental control are shown in Table S3 (A and B).
Expression analysis of the EAEC-T8-induced transcripts in
esi-ST6GAL-1-RNA and esi-ST6GAL-2-RNA-transfected
respective cell type revealed downregulation of ERK1,
ERK2, JNK, p38, NF«B, cJun, cFos, STAT-3, and IL-8
as compared to the respective controls (Fig. 3A). The fold
change for each of these genes in target sialyltransferase-
silenced cells in comparison to the respective controls is
shown in Table S3 (C).

The results obtained by qRT-PCR were further cor-
roborated at the protein level by western immunoblotting.
The intensity of the bands corresponding to the MAPKSs
(pERK1/2, ERK1, ERK2, pJNK, JNK pp38, and p38)
and transcription factors (cytoplasmic NFxB, nuclear
NF«B, nuclear cFos, nuclear cJun, nuclear pSTAT?3, and
nuclear STAT3) was found to be reduced in contrast to
cytoplasmic IkB which was found to show an increased
expression in each of the target ST-silenced cell type
in comparison to the respective controls as shown in
Fig. 3B (a and b). Replica blots have been shown in
Fig. S1. Figure 3C shows the representative bar diagrams
demonstrating the reduced expression of pERK, pJNK,
pp38, nuclear NF-xB, cJun, cFos, and nuclear pSTAT-3
along with an increased expression of IkB in the case

Fig. 1 Relative expression
profile of ST6-family genes 80
at mRNA level in both cell
lines infected with and without
EAEC. One-way ANOVA,
followed by Tukey’s multiple
comparison test, was applied;
*#%p <0.001, *¥p <0.01, and
*p <0.05 [EAEC-TS, EAEC-
pT8, and EAEC-042 vs.
uninfected (UI) cells]; ns, non-
significant 0
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Fig.2 Relative expression profile of EAEC-T8-induced target sia-
lyltransferases at mRNA level in both cell lines infected with and
without EAEC. The bar diagrams show the expression fold of a
ST6GAL-1 and b ST6GAL-2 at mRNA level in ST6GAL-1 and
ST6GAL-2-silenced respective cell type as compared to the negative
control (EAEC-T8-infected cells transfected with esi-FLUC RNA)

of esi-ST6GAL-1-RNA and esi-ST6GAL-2-RNA-trans-
fected respective cell type as compared to the respec-
tive controls. The percentage change in the expression
for each of these genes in esi-ST6GAL-1-RNA and
esi-ST6GAL-2-RNA-silenced cells as compared to the
respective controls is shown in Table S3 (D). Also, the
representative western immunoblots displaying the basal
level of protein expression of various MAPKs and tran-
scription factors along with the respective bar diagrams
in the case of both uninfected and EAEC-T8-infected
cell lines have been shown in Fig. S2. The bar diagrams
reflecting the expression fold (as assessed by densitomet-
ric analysis) in ST6GAL1 and ST6GAL2-silenced EAEC-
T8-infected HCT-15 and INT-407 cells in comparison
to the uninfected, esi-RNA-FLUC-transfected, and only
lipofectamine-treated EAEC-T8-infected cells are shown
in Fig. S3.

Further, the EAEC-T8-induced secretory IL-8 concen-
tration in each of the ST-silenced cell line was reduced
significantly in comparison to the respective vehicle con-
trol as shown in Fig. 3D.

P-3Fax-Neu5Ac-mediated inhibition of sialylation
in intestinal epithelial cell lines hindered EAEC-T8-
induced IL-8 secretion

A significant reduction in the expression of EAEC-T8-induced

IL-8 at the mRNA level was noted in each intestinal epithelial
cell type in the presence of a pan-sialyltransferase inhibitor
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and experimental control (EAEC-T8-infected cells treated with only
lipofectamine); one-way ANOVA, followed by Tukey’s multiple com-
parison test, was used; ***p<0.001 (ST6GAL-1 and ST6GAL-2—
silenced cells vs. experimental control); ns, non-significant (negative
control vs. experimental control)

[3Fax-Peracetyl Neu5Ac (P-3Fax-Neu5SAc)] as compared
to the respective control cells in the absence of the inhibitor
(Fig. 4A). The AC, values for the IL-8 transcript in both the
uninfected and EAEC-T8-infected cell lines pre-treated with
P-3Fax-Neu5Ac as well as control cells [DMSO (vehicle)] are
shown in Table S4.

This observation was supported by the reduced level of
secretory IL-8 in both inhibitor-treated EAEC-T8—infected
cell lines in comparison to the respective infected cells in
the absence of inhibitor (Fig. 4B).

Silencing of target sialyltransferases downregulated
the expression of Prohibitin-2 and VDAC-2
sialoglycoproteins

The expression of the identified sialoglycoproteins (VDAC-2
and Prohibitin-2) was found to be reduced in the membrane
fractions of each of the target ST-silenced cell type as com-
pared to the respective control cells as observed in Fig. 5.
The corresponding bar diagrams reflecting their expression
fold (as assessed by densitometric analysis) in HCT-15 in
comparison to the respective controls are shown in Fig. 5.

Silencing of sialyltransferases diminishes EAEC
adherence to the cells

The aggregative adherence of EAEC-T8 to ST6GAL-1
and ST6GAL-2-silenced cells was found to be reduced
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Fig.3 A Relative expression profile of cell signaling molecules at
mRNA level in EAEC-T8-infected target ST-silenced respective
cell types. The bar diagrams indicate EAEC-T8-induced expression
of ERK1, ERK?2, JNK, p38, NFkB, clJun, cFos, STAT3, and IL-8 in
ST6GAL-1 and ST6GAL-2-silenced HCT-15 and INT-407 cells,
respectively, as compared to respective negative control and experi-
mental control. One-way ANOVA, followed by Tukey’s multiple com-
parison test, was used; ***p<0.001, **p<0.01, and *p<0.05 indi-
cate the level of significance; ns, non-significant. B Expression profile
of cell signaling molecules at protein level in cells. Western blots
showing the expression of a MAPKs [pERK1/2, ERK1, ERK2, pJNK,
INK, pp38, and p38] and b transcription factors [IkB, NF-kB (cyto-
plasmic), NF-kB (nuclear), cFos (nuclear), cJun (nuclear), pSTAT-3
(nuclear) and STAT-3 (nuclear)] in ST6GAL-1 and ST6GAL-2—
silenced respective HCT-15 and INT-407 cell types as compared to
the respective negative control and experimental control. In the case of
MAPKSs, the blots were probed with anti-pERK, anti-pJNK, and anti-
pp38 as the primary antibodies followed by incubation with HRP-con-
jugated secondary antibody. The bands on the blots were then stripped
off and reprobed with the antibody to total ERK2 and ERK1, JNK,
and p38. For transcription factors, the blots were probed with NF-xB
(cytoplasmic), NF-kB (nuclear), cFos, cJun, and pSTAT-3 (nuclear) as
the primary antibodies followed by incubation with HRP-conjugated
secondary antibody. The NF-kB (cytoplasmic) and pSTAT-3 (nuclear)
bands on the blots were then stripped off and reprobed with the anti-
body to IkB and STAT-3. Normalization was done by using f-actin

(internal control). CI1, lipofectamine-treated; C2, esi-FLUC-RNA-
transfected; T, esi-ST6GAL-1-RNA/esi-ST6GAL-2-RNA—-transfected
EAEC-T8-infected HCT-15 and INT-407 cells; M,, protein markers.
C Bar diagrams revealing the expression of a MAPKs and b transcrip-
tion factors in EAEC-T8-infected STOGAL-1 and ST6GAL-2—trans-
fected respective cell line as evaluated by Scion analysis with ImageJ
software. The intensity of the band of each parameter was normalized
to that of P-actin as the internal control. Further, the level of expres-
sion of each activated MAPK was obtained by normalization of each
value against the value of respective total MAPK. The expression of
each molecule in lipofectamine-treated control cells (C1) was set to
1, with respect to which the expression of the respective molecule in
esi-FLUC RNA-transfected cells (C2) and esi-ST6GAL-1-RNA and
esi-ST6GAL-2-RNA-transfected cells (T) was calculated. D ELISA-
based estimation of IL-8 secretion by EAEC-T8—infected target ST-
silenced respective cell types as compared to that of response in con-
trol cells (lipofectamine-treated cells and esi-FLUC RNA-transfected
cells). One-way ANOVA, followed by Tukey’s multiple comparison
test, was applied which revealed a significant reduction in secretory
IL-8 concentration in each of the ST-silenced cell line [ST6GAL-1—
silenced HCT-15 cells, 1451.7 pg/ml; STOGAL-2-silenced INT-407
cells, 1389.1 pg/ml] in comparison to the respective vehicle control
[HCT-15, 2269.583 pg/ml; INT-407, 2230 pg/ml); ***p<0.001 (esi-
ST6GAL-1-RNA and esi-STO6GAL-2-RNA vs. the lipofectamine-
treated cells); ns, non-significant (esi-FLUC-RNA vs. the lipo-
fectamine-treated cells)
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Fig.3 (continued)

appreciably as compared to the respective control cells, as
depicted in Fig. 6A and B. Figure 6C and D shows a 45.2%
and 38.2% reduction in view of CFU counts (as reflected
in bar diagrams) in ST6GAL-1 and ST6GAL-2-silenced
HCT-15 and INT-407 cells, respectively, in comparison to
vehicle control.

Discussion
Host—pathogen crosstalk is crucial in understanding the

underlying mechanism of any successful microbial infec-
tion. Pathogens are known to manipulate the glycosylation

@ Springer

patterns of the host cell-surface proteins, which are mediated
by specific glycosyltransferases (Lin et al. 2020). Our previ-
ous report regarding identification of several differentially
expressed o2,6-linked sialic acid—containing glycoproteins
on EAEC-TS (an invasive clinical isolate of EAEC)—infected
human colonic (HCT-15) and small intestinal (INT-407)
epithelial cell lines as well as the importance of pathogen-
induced o2,6-linked sialylation in infection led us to evaluate
the expression level of all the genes of a2,6 sialyltransferase
family in these cells infected with EAEC-TS, its plasmid-
cured counterpart, and EAEC-042 (a prototype non-invasive
strain of EAEC) separately (Chandel et al. 2022). Among
various upregulated transcripts of ®2,6-ST family members,
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Fig.4 A Expression profile of IL-8 at mRNA level and B ELISA-
based estimation of IL-8 secretion in the case of both cell lines
infected with and without EAEC-TS8 in the presence of sialyltrans-
ferase inhibitor (P-3Fax-NeuS5Ac). Reduced levels of secretory IL-8
in both inhibitor-treated EAEC-T8-infected cell lines (HCT-15,

2041.7 pg/ml; INT-407, 1177.7 pg/ml) in comparison to the respec-
tive infected cells (HCT-15, 2501.4 pg/ml; INT-407, 2063.7 pg/ml)
in the absence of inhibitor. One-way ANOVA, followed by Tukey’s
multiple comparison test, was used; ***p <0.001 indicates the level
of significance
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Fig.5 A Expression profile of Prohibitin-2 and VDAC-2 at protein
level in EAEC-T8-infected ST6GAL-1 and ST6GAL-2-silenced
respective cell types. The blots were probed with the antibodies
against Prohibitin-2 and VDAC-2 separately followed by incubation
with HRP-conjugated secondary antibody. Normalization was done
by using P-actin as the internal control. C1, lipofectamine-treated;
C2, esi-FLUC RNA-transfected; T, esi-ST6GAL-1-RNA/esi-ST6-
GAL-2-RNA-transfected EAEC-T8-infected HCT-15 and INT-407
cells; M,, protein markers. Corresponding bar diagrams indicate the
percentage decrease in the expression of Prohibitin-2 and VDAC-2 in

known to catalyze the transfer of NeuSAC from donor CMP-
Neu5Ac to the terminal sugar residue of the oligosaccharides
on acceptor glycoproteins in a2,6 linkage, ST6GAL-1 and
ST6GAL-2 were selected as the targets to be silenced using

@ Springer

ST6GAL-1 and ST6GAL-2-silenced respective cell lines [(HCT-15:
PHB2, 56.36%; VDAC2, 82.30%); (INT-407 cells: PHB2, 29.33%;
VDAC2, 81.47%)] as obtained by ImagelJ analysis of western blots in
comparison to control cells (lipofectamine-treated cells and esi-FLUC
RNA-transfected cells). One-way ANOVA, followed by Tukey’s
multiple comparison test, was applied; ***p <0.001 (esi-ST6GAL-
1-RNA and esi-ST6GAL-2-RNA vs. the lipofectamine-treated cells);
ns, non-significant (esi-FLUC-RNA vs. the lipofectamine-treated
cells)

specific esi-RNA in EAEC-T8-infected HCT-15 and INT-
407 cells, respectively. Although an increased expression
of ST6GALNAc-3, ST6GALNAc-5, and STOGALNACc-6 in
HCT-15 cell line and ST6GALNACc-5 in INT-407 cell line
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Fig.6 Aggregative adherence of EAEC-T8 to A HCT-15 and B INT-
407 cells transfected with esi-ST6GAL-1-RNA and esi-ST6-GAL-2-
RNA as assessed by Giemsa staining. C and D depict the aggrega-
tive adherence of EAEC-T8 to silenced HCT-15 and INT-407 cells
as shown by bar diagrams in view of CFU. **p <0.01 (iii vs. i in the
case of HCT-15); ***p<0.001 (iii vs. i in the case of INT-407) and

was observed following EAEC infection, these sialyltrans-
ferases are responsible for catalyzing the transfer of sialic
acid to the Gal residue of glycolipids via an «2,6 linkage
(Hugonnet et al. 2021).

ST6GAL-1 is known to catalyze the transfer of NeuSAc
to the terminal Gal residue of GalB1,4- GlcNAc on N-gly-
cans of glycoproteins (Hugonnet et al. 2021). It is known
as an acute phase reactant and is released during genera-
tion of an inflammatory state in humans, induced by trauma,
bacterial infections, and stress (Irons et al. 2020). Studies
have reported a link between virus replication and modifica-
tions in the cell-surface N-glycans via an increased level of
ST6GAL-1 in HBV-infected hepatoma cell line (HepAD38).
Further, knockdown of ST6GAL-1 was found to reduce the
virus multiplication, as revealed by 90% decrease in the
HBYV cDNA (Priyambada et al. 2018).

ST6GAL-2 has also been found to catalyze the trans-
fer of sialic acid to an oligosaccharide; however, unlike
ST6GAL-1, it preferentially utilizes GaINAcP1,4GIlcNAc as
the acceptor substrate (Laporte et al. 2009). Although stud-
ies have illustrated the involvement of ST6GAL-2 in follicu-
lar thyroid carcinoma, melanoma, and breast carcinoma, its
importance in bacterial infections is still unexplored. In this
study, we focused on elucidating the role of STOGAL-1 and
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non-significant (ii vs. i). One-way ANOVA followed by Tukey’s mul-
tiple comparison test in comparison to lipofectamine-treated cells,
was applied. Each bar represents the mean+S.D. of three independ-
ent experiments. (iii) Cells transfected with esi-ST6GAL-1-RNA and
esi-ST6GAL-2-RNA, (ii) cells transfected with esi-FLUC-RNA, and
(i) cells treated with lipofectamine

ST6GAL-2 on EAEC-induced signal transduction pathways
in colonic and small intestinal epithelial cells, respectively.
The MAPK signaling cascade is known to respond to
external stimuli including growth factors and stress signals,
resulting in induction of cellular growth, differentiation, and
proliferation (Cargnello and Roux 2011). Microbes may
manipulate these signaling pathways to subvert the host
immune responses, subsequently facilitating the pathogenesis
(Krachler et al. 2011). Prominent alterations in the expression
of various MAPKs and IL-8 secretion were reported during
infection of intestinal epithelial cell lines by enteropatho-
genic, enterotoxigenic, and enterohemorrhagic E. coli (de
Grado et al. 2001; Dahan et al. 2002; Ren et al. 2014).

The activated NF-xB (a transcription factor) has been
found to play a central role in the regulation of infection-
associated inflammation. High level of activated NF-kB was
found to be of significance in the pathogenesis of organisms
like Salmonella typhimurium and Helicobacter pylori (Hob-
bie et al. 1997; Kim et al. 2006). Additionally, the activity
of AP-1 (activator protein-1; composed of cJun and cFos
proteins) along with the JAK/STAT signaling pathway might
also be altered in response to bacterial infections (Moham-
med et al. 2007). Both AP-1 and STAT pathways have been
implicated in cellular events of apoptosis, differentiation,
cell survival, and inflammation. Studies have highlighted
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an elevated level of activated AP-1 and STAT-3 in respira-
tory tract infections due to Chlamydia pneumoniae and gas-
trointestinal infections due to Helicobacter pylori (Lu et al.
2017; Wang et al. 2013). The concerted action of these three
transcription factors resulted in an increased secretion of
IL-8 (Liu et al. 2018). These observations are in consensus
with our previous findings, where EAEC and its galactose
specific adhesin—mediated secretion of IL-8 by human small
intestinal epithelial cells was found to be orchestrated via
activation of AP-1 and STAT-3-mediated signaling path-
ways (Khan et al., 2010; Goyal et al. 2010).

Although the role of sialyltransferases has not been
thoroughly investigated in pathogen-induced cell signaling
pathways, several reports have indicated their involvement
in cancers of different origin. An elevated expression of
ST6GAL-1 was found to be associated with colon carcinoma
(Swindall et al. 2013). Further, ST6GAL-1 mediated acti-
vation of PI3K/AKT signaling in hepatocellular carcinoma
cells and prostate cancer cells suggesting its role in mediat-
ing proliferation of these cells (Wei et al. 2016; Zhao et al.
2014). In the present study, the potential role of STOGAL-1
and ST6GAL-2 in modulation of EAEC-induced signal
transduction pathways was highlighted, as a reduced level
of MAPKSs and transcription factors was noted in STO6GAL-1
and ST6GAL-2-silenced HCT-15 and INT-407 cells follow-
ing EAEC infection.

A correlation between altered glycosylation and inflam-
mation was shown in several reports (Kreisman and
Cobb 2012; Reily et al. 2019). Matsuzwa et al. (2003)
demonstrated an upregulated expression of al,4GlcNAc-
transferase (a4GnT) in H. pylori-induced gastritis and
a positive correlation between the increased level of
a4GnT and the degree of inflammation in gastric biopsy
samples. Our findings regarding the decrease in the level
of EAEC-induced secretory IL-8 in the ST6GAL-1 and
ST6GAL-2-silenced respective cell type revealed their
involvement in the regulation of IL-8 response in these
cells. Further, a synonymous reduction in IL-8 levels was
also observed in each of the EAEC-infected cell type fol-
lowing treatment with 3Fax-Peracetyl Neu5Ac (a pan-
sialyltransferase inhibitor), which is in good agreement
with our earlier observation. Although not much infor-
mation exists regarding the link between IL-8 secretion
and sialyltransferases in bacterial infections, an increased
expression of STOGAL-1 has been implicated in augment-
ing the levels of both IL-8 and IL-6 in the case of pancre-
atic cancer and ovarian cancer (Britain et al. 2017). In this
context, it is to be mentioned that the anti-inflammatory
role IgG, a pro-inflammatory mediator of the humoral
immune response, was reported due to the addition of ter-
minal sialic acid to the glycan of its Fc fragment, resulting
in the conformational alteration and acquisition of novel
binding activity of this protein (Anthony et al., 2008). This
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report is contradictory to our finding regarding the role
of a2,6-linked sialic acid in EAEC-induced inflammatory
response in the intestinal epithelial cells. However, Ramos
et al. (2011) have shown that avian influenza viruses could
bind to «2,3-linked sialic acids on human host cell sur-
face and aggravate pro-inflammatory immune response
and cytokine release, which corroborates our observation.

In a previous study, we have shown that EAEC infec-
tion could induce the expression of a-2,6 sialylated Pro-
hibitin-2 and VDAC2 on the host cell surface, which
might aid in the aggregative adherence of EAEC to
the intestinal epithelial cells. In the present study, the
reduced expression of both these sialylated glycopro-
teins in each of the target sialyltransferase-silenced
EAEC-infected cell type coupled with attenuated aggre-
gative adherence of this organism to these cells sug-
gested the possible role of STOGAL-1 and ST6GAL-2 in
the addition of sialic acid to these proteins in a specific
linkage thus influencing bacterial adherence. In con-
sensus with our findings, Lin et al. (2002) have demon-
strated that silencing of ST6GAL-1 in breast carcinoma
cell lines resulted in reduced expression of membrane-
bound a2 — 6-linked sialic acid glycoconjugates. Fur-
ther, Sakarya et al. (2010) reported that adherence of
Salmonella typhi to colonic cells could be mediated via
sialic acid moieties and removal of these sialic acid resi-
dues could reduce S. typhi binding by 41%.

Taken together, our findings have unraveled that EAEC
induced upregulation of ST6GAL-1 and ST6GAL-2 in
human colonic and small intestinal epithelial cells. The sia-
lyltransferase-mediated a2,6 sialylation of the cell surface
of VDAC-2 and Prohibitin-2 might be quintessential for the
activation of various cell signaling molecules leading to the
inflammatory response in these cells. The silencing of these
sialyltransferases revealed reduced expression of the sialo-
glycoproteins, MAPKSs, transcription factors, and secretory
IL-8. Further, a decrease in the IL-8 level in each intestinal
cell type following treatment with a pan-sialyltransferase
inhibitor (P-3Fax-Neu5Ac) suggested that the infection pro-
cess may be modulated by using specific inhibitors of these
sialyltransferases. Based on the existing literature, this is the
first report highlighting the EAEC-induced alteration in the
expression of specific sialyltransferase enzymes and their
subsequent effect on signal transduction pathways, leading
to IL-8 secretion.
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