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N-glycosylation and receptor tyrosine kinase signaling
affect claudin-3 levels in colorectal cancer cells
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Abstract. Changes in protein levels in different components
of the apical junctional complex occur in colorectal cancer
(CRC). Claudin-3 is one of the main constituents of tight junc-
tions, and its overexpression can increase the paracellular flux
of macromolecules, as well as the malignant potential of CRC
cells. The aim of this study was to investigate the molecular
mechanisms involved in the regulation of claudin-3 and its
prognostic value in CRC. In silico evaluation in each of the
CRC consensus molecular subtypes (CMSs) revealed that
high expression levels of CLDN3 (gene encoding claudin-3) in
CMS2 and CMS3 worsened the patients' long-term survival,
whereas a decrease in claudin-3 levels concomitant with a
reduction in phosphorylation levels of epidermal growth factor
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receptor (EGFR) and insulin-like growth factor 1 receptor
(IGF1R) could be achieved by inhibiting N-glycan biosyn-
thesis in CRC cells. We also observed that specific inactivation
of these receptor tyrosine kinases (RTKSs) led to a decrease in
claudin-3 levels, and this regulation seems to be mediated by
phospholipase C (PLC) and signal transducer and activator of
transcription 3 (STAT3) in CRC cells. RTKs are modulated
by their N-linked glycans, and inhibition of N-glycan biosyn-
thesis decreased the claudin-3 levels; therefore, we evaluated
the correlation between N-glycogenes and CLDN3 expression
levels in each of the CRC molecular subtypes. The CMSI1
(MSI immune) subtype concomitantly exhibited low expres-
sion levels of CLDN3 and N-glycogenes (MGATS5, ST6GALI,
and B3GNTS), whereas CMS2 (canonical) exhibited high gene
expression levels of CLDN3 and N-glycogenes (ST6GALI and
B3GNTS). A robust positive correlation was also observed
between CLDN3 and B3GNTS expression levels in all CMSs.
These results support the hypothesis of a mechanism inte-
grating RTK signaling and N-glycosylation for the regulation
of claudin-3 levels in CRC, and they suggest that CLDN3
expression can be used to predict the prognosis of patients
identified as CMS2 or CMS3.

Introduction

Colorectal cancer (CRC) is one of the most commonly diag-
nosed cancers in both males and females. Accordingly, this
disease is a public health issue and accounts for 8.5% of all
cancer-related deaths worldwide (1). CRC progression occurs
through a series of well-defined clinical and histopathological
features, ranging from single precursor lesions through benign
tumors (serrated or tubular adenoma) to malignant disease (2).

CRC is a heterogeneous disease represented by biologically
diverse subtypes. One of the most recent gene expression-based
subtypings of CRC has proposed four consensus molecular
subtypes (CMSs), namely CMSI-microsatellite insta-
bility immune, CMS2-canonical, CMS3-metabolic, and
CMS4-mesenchymal. Each of these CMSs shows distin-
guishing molecular disorders related to different clinical
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outcomes (3,4); however, consensus molecular classification
has not yet been used as a tool to guide clinical decisions. The
constant development of molecular stratification strategies is
also still necessary to reveal clinical potentials (5).

Regardless of the subtype, the disruption of the apical
junctional complex (AJC), consisting of tight junctions (TJs)
and adherens junctions, is frequently observed during CRC
progression (6). The functionality of TJs, which constitute the
barrier to the paracellular flow of macromolecules and ions, is
regulated in part by the levels of its proteins (7,8), and claudins
in particular. Claudins are the main proteins in the regulation
of TJs, and they also affect the stability of TJs via a fine-tuned
mechanism (9,10) involving changes in the subcellular
localization and an imbalance (both overexpression and down-
regulation) in claudin levels. For example, dysregulation of
claudin-3 is often observed in CRC (11). Claudin-3 overexpres-
sion destabilizes the TJs, causing an increase in transepithelial
resistance and the paracellular flux of macromolecules leading
to induction of cell migration and colony formation that can be
either dependent or independent of anchorage (12).

Previous studies have also demonstrated that the stability
of TJs is regulated by glycoproteins, such as receptor tyrosine
kinases (RTKs) and E-cadherin (13-15), but the regulatory
role of N-linked glycans in this process is poorly under-
stood. Pioneering work using siRNA to DPAGTI (the gene
that encodes the enzyme that initiates the synthesis of the
dolichol lipid-linked oligosaccharide precursor for protein
N-glycosylation) showed that inhibition of N-glycosylation
promotes the assembly of TJs through the recruitment of the
PP2A protein (a negative regulator of TJ biogenesis) to adhe-
rens junctions (16), thereby suggesting a role for N-glycans in
TJ stability. Indeed, the functionality of RTKs is finely tuned
by the N-glycans attached to its extracellular domain.

Several studies have demonstrated that N-glycosylation
contributes to ligand binding, kinase activity, and the deter-
mination of the proper conformation of the RTKs (17-20). For
example, B1,6-GlcNAc-branching N-glycans are synthesized
by MGATS (also known as GnT-V; Fig. S1) and are inserted
onto RTKs. Their presence promotes the binding of this
branched structure to galectins to form molecular ‘lattices’
that prevent glycoprotein receptor endocytosis and lead to the
persistence of cancer-related signaling (21). However, a mecha-
nism that would integrate RTK signaling and N-glycosylation
with the regulation of claudin-3 levels in CRC remains to be
established.

In the present study, we demonstrated that the high
expression levels of CLDN3 in CRC worsened the patients'
long-term survival. We also showed that inhibition of
N-glycan biosynthesis in CRC cells led to a decrease in the
levels of claudin-3 and, concomitantly, to a reduction in
phosphorylation levels of epidermal growth factor receptor
(EGFR) and insulin-like growth factor 1 receptor (IGFIR).
We report that specific inactivation of RTKs also leads to
a decrease in claudin-3 levels, and we provide evidence
that the regulation of claudin-3 levels by changes in RTK
signaling can be mediated by phospholipase C (PLC) and
signal transducer and activator of transcription 3 (STAT3) in
CRC cells. We therefore evaluated the correlation between
N-glycogenes and CLDN3 expression levels in each of the
CRC molecular subtypes, since N-glycans are known to
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regulate RTKs. CMS1 (MSI immune) was the subtype that
concomitantly exhibited low expression levels of CLDN3 and
N-glycogenes (MGATS5, STO6GALI, and B3GNTS), whereas
CMS2 (canonical) exhibited high gene expression levels of
CLDN3 and N-glycogenes (ST6GALI and B3GNTS). A robust
positive correlation was also detected between CLDN3 and
B3GNTS expression levels in all four CMS. Taken together,
our results support the hypothesis that N-glycans play a
role in the regulation of RTKs, claudin-3, and TJs, thereby
providing a better understanding of CRC biology.

Materials and methods

Chemicals and antibodies. The rabbit monoclonal antibodies
used here included anti-pEGFR (Tyr 1068, cat. no. 2234),
anti-EGFR (cat. no. 2646), anti-p-IR/p-IGFIR (Tyr 1150,
1151/Tyr 1135, 1136, cat. no. 3024), anti-IGFIR (cat. no. 3027),
anti-pAKT (Ser 473, cat. no. 9271), anti-AKT (cat. no. 4691)
and anti-a-tubulin (cat. no. 2144) and were purchased
from Cell Signaling Technology, Inc. Rabbit polyclonal
antibodies anti-claudin-3 (cat. no. 34-1700), anti-occludin
(cat. no. 33-1500) and anti-ZO1 (cat. no. 33-9100) were
obtained from Thermo Fisher Scientific, Inc. Anti-mouse
GAPDH monoclonal antibody (cat. no. 32233) were obtained
from Santa Cruz Biotechnology, Inc. Secondary peroxi-
dase-conjugated anti-mouse (cat. no. 2304) and anti-rabbit
(cat. no. 9169) were purchased from Sigma-Aldrich (Merck
KGaA). Fluorescein-conjugated Phaseolus vulgaris lectin
(L-PHA lectin) was purchased from Vector Laboratories.
Alexa Fluor 488-conjugated anti-rabbit secondary antibody
(cat. no. 11008) was obtained from Molecular Probes (Thermo
Fisher Scientific, Inc.). The tunicamycin Al homolog (Tun),
H-89 (a PKA inhibitor), PD 153035 (an EGFR inhibitor),
forskolin (a PKA activator), and Ly294002 (a PI3K inhibitor)
were purchased from Sigma-Aldrich (Merck KGaA).
OSI906 (an IGFIR inhibitor) was purchased from Selleck
Chemicals. PD98059 (a MEKI inhibitor) was purchased
from Cell Signaling Technology, Inc. U73122 (an inhibitor
of PLC-dependent processes) was obtained from Cayman
Chemical Co., while STA-21 (a STAT3 inhibitor) was obtained
from Santa Cruz Biotechnology, Inc. Ruthenium red was
purchased from Ted Pella Inc.

Cell culture and treatments. CRC cell lines (Caco-2, HCT-116,
and HT-29) were obtained from the American Type Culture
Collection (ATCC) and were authenticated using their short
tandem repeat (STR) profiles. Cells were cultured at 37°C in
a humidified atmosphere of 5% CO,/air in Dulbecco's modi-
fied Eagle's medium (DMEM, Thermo Fisher Scientific, Inc.)
supplemented with 10% heat-inactivated fetal bovine serum
(FBS) (Thermo Fisher Scientific, Inc.), penicillin G (60 mg/l),
and streptomycin (100 mg/1). For experimental purposes, the
cells were seeded in culture flasks or on plates, glass cover-
slips, or Transwell polycarbonate filters with a 0.4-ym pore
size (Corning, Inc.). After reaching 80% confluence, the cells
were treated with the appropriate drugs for 24 h. The drugs
used for the different assays were tunicamycin at 0.25, 0.50,
0.75, and 1 ug/ml; PD153035 at 1, 10, and 20 ug/ml; OSI906
at 2,4, and 8 pg/ml; U73122 at 7, 14, and 21 pug/ml; PD98059
at 7, 14, and 21 pg/ml; LY294002 at 2, 4, and 6 pg/ml; STA-21
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at 3,4, 5, 6, and 7.5 ug/ml; H-89 at 9 pug/ml; and forskolin at
4 pg/ml.

Tissue samples. Well-differentiated or moderately differ-
entiated human colorectal specimens and mucinous
adenocarcinomas were obtained from the surgical resections of
14 Brazilian patients (5 males and 9 females, aged 64+10 years)
from the Brazilian National Cancer Institute after patient
consent. These samples were collected from February 2013 to
June 2016. In all cases, control specimens were collected from
the accompanying normal mucosa, 5-10 cm away from the
carcinoma. All samples were evaluated by a board-certified
pathologist. The cancer tissue and normal epithelium samples
destined for use in immunoblotting were immediately frozen
at -80°C. The study was carried out with the approval of
the National Cancer Institute Ethics Committee (n° 84/04).
Clinicopathological features are listed in Table SI.

Western blotting. Cell cultures and homogenized tissue samples
were washed with phosphate-buffered saline (PBS) and then
lysed in a solution containing 1% Triton X-100, 1% NP40, a
protease inhibitor cocktail (1 tablet/50 ml buffer; Roche), and a
phosphatase inhibitor cocktail (Sigma-Aldrich; Merck KGaA,
1:100 dilution). Total protein was quantified using a bicincho-
ninic acid (BCA) protein assay kit (Bio-Rad Laboratories,
Inc.). For western blotting, the samples (30 g of protein per
lane) were subjected to SDS-PAGE (ranging from 7.5 to 13%)
and the separated proteins were transferred to a nitrocellulose
membrane. The blots were then probed with primary (dilute
solutions 1:1,000) and peroxidase-conjugated secondary
(dilute solutions 1:40,000) antibodies or biotinylated lectins
(Vector Laboratories). The proteins were visualized using an
ECL chemiluminescence kit (GE Healthcare). Immunoreactive
bands from lectin blots were then visualized using the Vector
stain ABC kit (Vector Laboratories). The protein or carbohy-
drate levels were quantified by densitometry using LabWorks
4.6 software (Bio-Rad Laboratories, Inc.). The measurements
were obtained from sub-exposed photographic films after the
chemiluminescence reaction, and the values were normalized
to the amount of a housekeeping protein (GAPDH or tubulin).
Differences in protein levels were evaluated using ANOVA
followed by the Dunnett post hoc test.

Lectin labeling by flow cytometry. Upon reaching 70% conflu-
ence, the cells were washed, collected from the plates, and fixed
with paraformaldehyde (4%) for 8 min at room temperature
(RT). The cells were then washed, blocked with bovine serum
albumin (4%) (Sigma-Aldrich; Merck KGaA) for 30 min, and
centrifuged at 1,500 x g for 3 min. Fluorescein-conjugated
L-PHA lectin was then added at a concentration of 5 or
2.5 ug/ml. After incubation for 20 min at RT, the cells were
collected by centrifugation and washed three times with
PBS. Finally, 1x10* cells were analyzed by flow cytometry
(FASCalibur; BD Biosciences). Unstained cells were used as
negative controls for lectin recognition. Fluorescence histo-
grams and median fluorescence data were created and analyzed
with CellQuest Pro software (version 5.1.1; BD Biosciences).

Immunofluorescence and confocal microscopy. Cells were
grown on glass coverslips until they reached 70% confluence.
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The cell monolayers were washed with PBS, fixed with
methanol for 20 min at -20°C, and then rehydrated with
PBS/CM (PBS containing 100 mM CaCl, and 100 mM
MgCl,, pH 8.0) and blocked with 0.2% bovine serum albumin
(BSA) for 60 min. The cells were then incubated overnight
with anti-claudin-3 (1:40 dilution), washed with PBS, and
incubated for 1 h with Alexa Fluor 488-conjugated rabbit
secondary antibody (1:500 dilution). Finally, all coverslips
were incubated with DAPI and then washed and assembled
using n-propyl gallate (Sigma-Aldrich; Merck KGaA). Images
were acquired using an FV10i-O laser confocal microscope
(Olympus) with constant laser intensity. The fluorescence
intensity in both the cytoplasm and cell membrane was quanti-
fied using ICY Bioimage Analysis software (version 2.0.3.0;
Institut Pasteur-France Bioimaging). For this purpose, an
intensity-based line was used to measure the fluorescence in
an area that included the junction between two cells.

Transmission electron microscopy. Cells were cultured on
Transwell polycarbonate filters (Corning, Inc.) and fixed for
60 min on the apical side of the monolayer with a solution
containing 2.5% glutaraldehyde, 1% freshly prepared parafor-
maldehyde, 8% sucrose, 2 mM CaCl,, and 6 mg/ml ruthenium
red in 0.1 M cacodylate buffer, pH 7.4. After washing with
cacodylate buffer containing ruthenium red for 10 min, the
cells were postfixed with 1% OsO, and 6 mg/ml ruthenium
red in cacodylate buffer for 45 min. The cell monolayers
were then washed with cacodylate buffer, dehydrated with an
acetone series, and embedded in Epon resin. Ultrathin sections
(70 nm) were stained with lead citrate and observed with a
Zeiss CEM-900 transmission electron microscope (Carl Zeiss).

CMS subtyping and gene expression level analysis. The CRC
molecular subtype classifier (4) was downloaded and applied
to 644 primary human colorectal cancer samples using the
RNA-Seq data from The Cancer Genome Atlas (TCGA)
project database. Clinical-pathological and RNA-Seq data
were obtained using the R package TCGABiolinks (22). The
expression levels of CLDN3 and related glycogenes (MGATYS,
ST6GALI, and B3GNTS8) were then analyzed in the tumor
samples previously classified according to their specific
CMS, as well as in 51 normal samples, also from the TCGA
database. Differences in gene expression were evaluated by
Kruskal-Wallis test followed by pairwise comparisons using
Dunn's test to compare rank means between each subgroup.
All analyses and plots were performed in the R environment.

Clinical outcome analysis. The influence of the gene expres-
sion levels in clinical outcomes was determined by classifying
the tumor samples into high or low groups according to the
gene expression pattern. The data were divided into three
sections (tertiles), and the upper and lower thirds were
considered the high and low groups, respectively. The overall
survival over six years was then analyzed within these low
and high expression categories for all samples or by molecular
subtype. Survival analyses were carried out using the
‘survival’ package for R.

Statistical analysis. All statistical analyses from in vitro
assays were performed using the GraphPad Prism 5 software



1652

A 5 50
£ 45
E 4.0
O _ 35
8530
Z%25
é G20 .
o
g 10 &*v%“i
T 05 =t
o 2
0.0 : &
Tumor Normal

B Patient 1 Patient2 Patient3 Patient5

22 kDa~> (== = | | —|
37 kDa> [Em ][ e | [ ] G 1PDH
T N T N T N T N

D CLDN3 ovsH Low High
> 100 &y
S 0.75- e
L0
[
a 0.50-
s
s 0.25 - p=0.32
=1
@ 000 | ; . i !
0 500 1000 1500 2000
Time
Number at risk
S_ 35 19 9 4 2
- m 8 7 4 a
@ 0 500 1000 1500 2000
Time
F Low High
CLDN3 CcMS3 [
> 1.00 - SR
S 0.75-
=]
o
& 0.50-
[
S 025" poo2e
=2
@ 000 . ! f . .
0 500 1000 1500 2000
Time
Number at risk
-g o 12 8 a 1
s - 2 15 7 3 1
o 0 500 1000 1500 2000
Time

N ciaudin-3

C

PEREZ et al: Claudin-3 REGULATION IN CRC

CLDN3

Unclassified data
5 1007 e
= M‘%‘-‘w—-—,.
3 075 et
a s T T
O L
S 050- T
©
§ 025- ;¢
=
O 0.00- 1 1 ] i
0 500 1000 1500 2000
Time
Number at risk
£~ 210 130 69 18 7
== 204 126 62 29 16
@ 0 500 1000 1500 2000
Time
Low Higt
E CLDN3 cMS2 =
2100 s
§ o075 s S
o —_—
a 0.50
T
% 025 po0.046
=1
9000 | ! ! f ;
0 500 1000 1500 2000
Time
Number at risk
g - 126 73 39 11 2
= - 124 85 45 26 14
® o 500 1000 1500 2000
Time
G Low Higt
CLDN3 CMS4 = -
2 1.000 e
S 075
=]
[
a 0.50
5
S 0.25 p=0.5
5
@ 0.00- . : : ] :
0 500 1000 1500 2000
Time
© Number at risk
T~ 26 15 8 2 1
- 16 10 2 2
0 500 1000 1500 2000
Time

Figure 1. Claudin-3 protein levels in CRC samples and survival features of molecular subtypes substratified by CLDN3 expression levels. (A and B) Samples of
adjacent normal tissue (N) and tumor tissue (T) were obtained and processed for further analysis of claudin-3 levels by western blotting (n=14). Results of four
representative patients are shown. The line graph represents the increase (blue) or decrease (yellow) in the ratio of claudin-3 densitometry units normalized
by endogenous protein control (GAPDH) in tumor and normal samples of each patient. Prognostic value of CLDN3 expression (upper and lower tertiles) in
(C) unclassified data (n=414) and within (D) CMS1 (n=69), (E) CMS2 (n=250), (F) CMS3 (n=44), and (G) CMS4 (n=52). CRC, colorectal cancer; CLDN3, gene

encoding claudin-3.

(GraphPad Software). Differences were considered statistically
significant at a P-value <0.05.

Results

Identification of colorectal cancer intra-CMS subgroups by
expression analysis of CLDN3. We first analyzed claudin-3
levels in CRC samples and adjacent normal tissue and were
able to identify two distinct subgroups of tumors: Those
with high levels and those with low levels of claudin-3

protein (Fig. 1A and B). We then performed an in silico
analysis using 644 CRC samples from the TCGA database
to assess the expression levels of CLDN3. The possibility
that the expression levels of CLDN3 could affect the overall
survival of CRC patients was tested by classifying the
expression values as ‘high’ or ‘low’ using the following
strategy: Data were divided into tertiles, and the values
were defined as ‘high’ or ‘low’ only when they were in the
tertiles with the highest or lowest values, respectively. The
overall survival was calculated according to the expression
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Figure 2. Effects of N-glycan biosynthesis inhibition on TJ stability. (A) Cell lysates from Caco-2, HT-29, and HCT-116 cells were analyzed by western
blotting for claudin-3. (B) HCT-116 cells were treated with different concentrations of tunicamycin for 24 h. After treatment, the cells were incubated with
FITC-conjugated lectin L-PHA and analyzed by flow cytometry. The histograms of fluorescence were generated by the Cell Quest software: control (purple);
0.25 pg/ml (green); 0.5 pg/ml (pink); 0.75 ug/ml (blue); and 1 ug/ml (orange). (C) Lectin L-PHA specificity. (D) Cell lysates were obtained after 24 h treatment
with tunicamycin and analyzed by western blotting for claudin-3, occludin, and ZO-1. Tubulin was used as an endogenous protein control. (E, upper panel)
Cell monolayers were fixed and stained for claudin-3 (green) and nuclei (blue) (DAPI). Representative images were obtained by confocal microscopy. The
graphs represent the fluorescence intensity in cytosolic and membrane regions of neighboring cells. Scale bar, 10 um. (E, lower panel) Cells were cultured in
filters of Transwell polycarbonate, and the functionality of TJs was analyzed by transmission electron microscopy (MET) using ruthenium red as a tracer. The
images are representative of ultrathin sections of treated and control cells. Black arrows indicate the cell-cell contact. Scale bar, 2 gm. The numerical values
represent densitometric units + standard error (n=3). ns, not significant (P>0.05); "P<0.05; “P<0.01; ANOVA. Tun, tunicamycin; TJ, tight junction; L-PHA,

phytohemagglutinin-L or Phaseolus vulgaris leucoagglutinin.



1654 PEREZ et al: Claudin-3 REGULATION IN CRC

* * E2

1TDkDa-)["—"' O - |p-EGFF1 170kDa->|" L Ed e e |EGFR

170 kDa »
7| R B S CFR 4005 e ———) T
. : 100 0.4020.18 0.36:0.22 0.3020.15
. ’

00 0612031 0414018 0334024 022013 )
s € =S es = 22kDa=> _ s o | Claudin-3 v = £ POISIO8
E 2E @2E 2E 2E bl g e
€ =S " ® B 50 kDa=> I-m Tubulin
8 - e = = 100 06720.22 0.45:021 0182011 [
o s N2 T we w= wvo TMMH*N
o = =] - £ 9E DE E e
e =2 = =
Y o e *x 8 g 2 gg’ %9 PKA PLC  MAPK AKT STAT3
on< ne A<
G5 kDD | — - p-IGF1R o a2 o 8
95kDa> | - ! o~ |IGF1H C e
95 kDa > |- | p-IGF1R
e —
95 kDa=2> | N — . — ||GF1R
100 0.41£0.11 0.42£0,310.3120.15 0.2420.17
S ST SESE SE 50 kDa > | = = < | T
5 S 2 2 9 100 0.05:0.08 0.04:0.04 0.1720.15
© 0 0 0 =
og a8 ~ = * % #
= = g = )
€ € 220a> [ B0 S B | claudin-3

50 kDa? | e e e | TubuliN

100 0.62:0.03 0.54=0.11 0.61=0.08
= w0 =

g 8% 8T 8EF
= &5 995 235
S 2 w2 w?
© 05 05 ©Og

g £ ¢

E ns ns * *% F ns

ns ns *®
22kDa mmaudina 22kDa > | ——— — |Claudin-3

702 | A — — — — IGAF’DH 37kDa » | _————— — |GAPDH

1.00 1.00:0.190.70:0.18 0.48+0.28 0.33+0.13 1.00 1.33+0.39 1.23:0.36 1.22:045 0.33:0.13
8 NF NF NF SE e 8% 8F BF SE
[ - - = c
5 B2 g2 B2 2 8 8232 g2 2
= S 295 = [&] e Do Oo oy
- = & = Lo g Q- =
= & = = a =
G ns NS NS s H s ns  ns o= as
22 kDa » WI Claudin-3 22kDa 3 | — —— |ClaudinA3
a?kDaal-----iGAPDH 3?kDa-)|-——_——|GAPDH
1.00 1.19+0.39 1 B4+0.96 0.79+0.27 0.33+0.13 1.00 1.0020.02 0.01£0.19 1.1320.37 0632028 0.33:013
N= o= N = == -—_= el — L o — - = =
g SE SE S8E 2E 5 &F SE SE §E 2 E
E S5 $ §° "o E 45 S <o 2o ' ©
o3 oI g S =3I B3z B3z B3 3
O wng Yo o =) O wng 0 g 05 0; o
Jd I I8 ¢ ¢ ¥ & © =
I ns & LT J * ns LT
22kba > W Claudin-3 22kDa> | e N . Claudin-3
3?kDa-)| --——leAPDH 37 kDa= | W - w—— - GAPDH
1.00  0.87+0.39 0.50+0.20 0.3320.13 1.00  1.70£0.07 1.13+0.51 0.33+0.13
5 + +N = 5 o= E£= £=
£ B8 &z FE £ ®E FE 2E
[ LI 4P =] = Is =9 =]
3 @ "E i s = g = =
g8 »> o e f£2 o
o~ = L = =

Figure 3. Effects of inhibition of N-glycan biosynthesis on RTK functionality. (A) After treatment with tunicamycin, cell lysates were obtained and analyzed
by western blotting for p-EGFR, EGFR, p-IGFIR, and IGFIR. (B and C) Cells were treated with different concentrations of PD153035 or OSI906 for 24 h,
and then levels of RTK phosphorylation and claudin-3 were assessed by western blotting. (D) Illustration showing RTK-related or non-RTK-related pathways,
as well as on the relationship of this regulatory network with the regulation of CLDN3 expression. (E-H) Effects of specific inhibitors on claudin-3 levels.
Cells were treated with different concentrations of (E) U73122 (an inhibitor of PLC-dependent processes), (F) PD98059 (a MEK1 inhibitor), (G) Ly294002
(a PI3K inhibitor), and (H) STA-21 (a STAT3 inhibitor) for 24 h, and then levels of claudin-3 were assessed by western blotting. (I) Cells were treated with
paired combinations of inhibitors: PD98059 (21 ug/ml) and Ly294002 (6 ug/ml), or STA-21 (7.5 pg/ml) and U73122 (21 ug/ml). (J) Cells were treated with
Forskolin or H-89 (a PKA inhibitor) for 24 h, and then levels of claudin-3 were assessed by western blotting. The numerical values represent densitometric
units + standard error (n=3). ns, not significant (P>0.05); "P<0.05; “P<0.01; ANOVA. Tun, tunicamycin; RTKs, receptor tyrosine kinases; EGFR, epidermal

growth factor receptor; IGF1R, insulin-like growth factor 1 receptor; p-, phosphorylated.

levels of CLDN3 in the unclassified data (Fig. 1C), as  high expression levels of CLDN3 in CMS2 and CMS3
well as in data classified into the four different molecular ~ worsened the patients' long-term survival (Fig. 1E and F).
subtypes of CRC (Fig. 1D-G). This strategy revealed that Taken together, these data demonstrated that analysis of
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Figure 4. Correlation analyses between CLDN3 and MGATS5,ST6GALI,and B3GNTS within the CMS. The correlation graphs represent the relationship between
gene expression data from The Cancer Genome Atlas (TCGA) project database that were later classified for stratification as consensus molecular subtypes
(CMSs). CLDN3, gene encoding claudin-3; MGATS, a-mannoside 3-1,6-N-acetylglucosaminyltransferase; ST6GALI, ST6 -galactoside a-2,6-sialyltransferase;

B3GNTS, B-1,3-N-acetylglucosaminyltransferase 8.

CLDN3 expression was useful for clearly separating the
CMS2/CMS3 populations into two groups with distinct
clinical outcomes. The data also showed that verification
of the expression profile of specific genes within the CRC
molecular subtypes represented an appealing strategy for
identifying intra-CMS subgroups.

Inhibition of N-glycan biosynthesis decreases the protein levels
of claudin-3 and induces its redistribution in CRC cells. We
first evaluated claudin-3 levels in different CRC cell lines and
found that HCT-116 cells had the highest level of this protein
among the cells analyzed (Fig. 2A). Interestingly, these undif-
ferentiated CRC cells had previously demonstrated a weaker
cell-cell adhesion phenotype than differentiated cells when the
complex N-glycan levels in HCT-116 was increased (23). We
therefore chose HCT-116 cells for subsequent investigations of
the role of N-glycans in TJ stability.

We determined that inhibition of N-glycosylation with low
doses of tunicamycin (Tun) for 24 h resulted in the expected
decrease in the levels of complex N-glycans on the surfaces of
the treated cells (Fig. 2B), as verified by labeling with L-PHA
lectin (Fig. 2C). We then used western blotting to determine the
effect of tunicamycin treatment on TJ component levels [i.e.,
claudin-3, zonula occludens-1 (ZO-1), and occludin levels].
We observed that treatment with tunicamycin decreased the
claudin-3 levels but did not affect the levels of other evaluated
protein constituents (Fig. 2D). Treatment with tunicamycin
also promoted a reorganization of the subcellular localization
of claudin-3, characterized by an increase of its levels on the
cell membrane (Fig. 2E, upper panel).

We also assessed permeability to ruthenium red to inves-
tigate whether changes in claudin-3 localization, induced by
the inhibition of N-glycosylation, could affect the functionality
of the TJs. Transmission electron microscopy observations
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Figure 5. Correlation analyses between CLDN3 and MGATS5, ST6GALI, and B3GNTS in each of the colorectal cancer (CRC) stages. The correlation graphs
represent the relationship between gene expression data from The Cancer Genome Atlas (TCGA) project database that were stratified based on the staging of the
disease. CLDN3, gene encoding claudin-3; MGATS5, a-mannoside (3-1,6-N-acetylglucosaminyltransferase; ST6GALI, ST6 -galactoside a-2,6-sialyltransferase;

B3GNTS, 3-1,3-N-ocetylglucosaminyltransferase 8.

revealed that tunicamycin treatment did not have a significant
effect on the permeability of ruthenium red, which permeated
the paracellular region of the monolayers. However, tunica-
mycin treatment did appear to promote tight cell-cell contacts
(Fig. 2E, lower panel). Taken together, these data suggest that
N-glycans are important for regulating both the claudin-3
levels and the stability of the TJs.

Inhibition of N-glycan biosynthesis affects RTK phosphory-
lation in CRC cells. Previous studies have demonstrated that
claudin levels are regulated by signaling pathways activated
through transmembrane glycoproteins, such as RTKs (12,24).
Our evaluation of the effects of tunicamycin on the phos-
phorylation levels of two RTKs (EGFR and IGF1R) revealed
that inhibition of N-glycan biosynthesis decreased the phos-
phorylation levels of both receptors (Fig. 3A), indicating that
modulation of RTK function by N-glycans may impact both
receptor functionality and related signaling pathways.

Inhibition of RTK signaling affects the levels of claudin-3.
Inhibition of N-glycan biosynthesis has broad effects on
physiology irrespective of effects on RTKs; therefore, we
evaluated the effects of RTK-specific inactivation on claudin-3
levels. HCT-116 cells were treated for 24 h with different
concentrations of PD153035 (an EGFR inhibitor) or OSI906
(an IGF1R inhibitor). These treatments decreased EGFR
and IGFIR phosphorylation levels and reduced the claudin-3
levels (Fig. 3B and C), indicating that the specific inactiva-
tion of EGFR or IGFIR signaling decreased claudin-3 levels.
The RTK-related signaling mechanism involved was investi-
gated by using specific inhibitors of PLC (U73122), MAPK
(PD98059), AKT (LY294002), and STAT3 (STA-21). PLC and
STATS3 inhibition, but not MAPK and AKT inhibition, signifi-
cantly reduced the claudin-3 levels (Fig. 3E-H). Concomitant
treatment with U73122 and STA-21 did not increase the
inhibitory effect on claudin-3 levels (Fig. 3I). Interestingly,
inhibition of PKA (which is not related to RTK signaling)
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Figure 6. Expression of CLDN3, and N-glycan-related genes (MGATS5, ST6GALI, and B3GNTS) in samples from patients with colorectal cancer (CRC).
Box graphs represents absolute values of gene expression from tumors (n=644) and normal tissue samples (n=51) accessed in The Cancer Genome Atlas
(TCGA) database. (A) Colorectal cancer consensus molecular subtypes (CMS). CMSI n=90; CMS2 n=242; CMS3 n=78; CMS4 n=165; and (B) colorectal
cancer disease stages (i, ii, iii, iv). Only significant differences are highlighted. The symbols correspond to the Dunn's rank sum test P-values adjusted with
Hochberg's multiple comparisons correction “Padj <0.05; “Padj <0.01; ““Padj <0.001; “**Padj <0.0001. CLDN3, gene encoding claudin-3; MGATS5, a-mannoside
B-1,6-N-acetylglucosaminyltransferase; ST6GALI, ST6 3-galactoside a-2,6-sialyltransferase; B3GNTS, 3-1,3-N-acetylglucosaminyltransferase 8.

by H-89 also led to a significant reduction of claudin-3 levels
(Fig. 3H). Collectively, these results showed that a complex
regulatory network influences the protein levels of claudin-3
and may not be related exclusively to RTKs. These data also
suggest that the regulation of claudin-3 levels due to modula-
tion of RTK activity, including changes in its N-glycosylation
pattern, may be associated with disturbances in the PLC and
STAT?3 pathways.

CLDN3 and B3GNTS8 expression levels correlate posi-
tively in CRC. Previous studies have shown that changes in
N-glycosylation affect the functionality of RTKs (17-19),
suggesting a possible correlation between CLDN3 expression
and transcript levels of N-glycan-related genes in CRC. We
investigated three N-glycogenes (Fig. S1). The first was MGATY5,
the gene encoding human N-acetylglucosaminyltransferase
V (MGATS or GnT-V) that synthesizes the B1,6-GlcNAc
branching N-glycan structures widely associated with a
malignant phenotype (25). The second was B3GNTS, the
gene encoding human UDP-GIcNAc: B Gal (3-1,3-N-acetylgl
ucosaminyltransferase 8, the enzyme involved in the biosyn-
thesis of poly-N-acetyllactosamine chains on [1,6-branched
N-glycan. This branching increases the reactivity to L-PHA
when the enzyme is overexpressed in CRC cells, suggesting a
potential involvement in malignancy (26). The third gene was
ST6GALI, which encodes the human ST6 {3-galactosamide
a-2,6-sialyltranferase 1, a sialyltransferase that adds an

a-2-6-linked sialic acid to the N-glycan and is upregulated in
CRC (27,28). Our in silico approach revealed a robust positive
correlation between CLDN3 and B3GNTS expression levels in
all four CMS and in all stages of CRC (Figs. 4 and 5). A weaker
positive correlation was also observed between CLDN3 and
ST6GALI expression in stages II, III, and IV of CRC (Fig. 5).
Surprisingly, a negative correlation was observed between
CLDN3 and MGATS expression levels in stages I and III, as
well as in CMS2 (Figs. 4 and 5). Since N-glycans can regu-
late RTK activity, these results support the possibility of a
regulatory mechanism that interconnects RTKs, CLDN3, and
N-glycan-related glycogenes.

CLDN3 and N-glycan-related glycogenes show similar
expression patterns within molecular subtypes of colorectal
cancer. We also investigated the expression profile of CLDN3
and N-glycogenes in different CRC stages and CMS. The
in silico analysis comparing the molecular subtypes to each
other showed that CMSI is a subtype that exhibits low expres-
sion levels of CLDN3, MGATS, ST6GALI, and B3GNTS when
compared to the other subtypes, while CMS2 is a subtype
that exhibits high expression levels of CLDN3, ST6GALI, and
B3GNTS8 when compared to the other subtypes (Fig. 6, upper
panel). In addition, all analyzed genes had higher levels in
CMS2 than in CMSI. Upregulation of ST6GALI is frequently
observed in CRC samples (29,30), in agreement with signifi-
cantly higher expression levels of ST6GALI in CMS2, the
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most frequent subtype (Fig. 6, upper panel). Our analysis of
the expression of the same genes of interest (CLDN3, and
N-glycan-related genes) in the different stages of CRC (Fig. 6,
lower panel) revealed downregulation of CLDN3 in stage 1I,
and also downregulation of B3GNTS in all stages of cancer
(Fig. 6, lower panel). Interestingly, we observed that MGATS
was significantly upregulated in CRC, even in the early stages
of disease (I and II) (Fig. 6, lower panel), suggesting that
MGATYS expression could be a potential biomarker of CRC.

Discussion

A stable apical junctional complex (AJC) has been considered
to be a suppressor of carcinoma progression due to its role in
the maintenance of apical-basolateral polarity, intercellular
adhesion, and epithelial architecture (31,32). The dysregulation
of this protein complex is correlated with a malignant pheno-
type and a poor clinical outcome (12,33,34). The regulatory
role of N-glycans in the stability and function of AJC has been
demonstrated (16,35), but few studies have been dedicated
specifically to investigating the role of N-glycosylation on
TJ function. Here, we demonstrated that the inhibition of the
N-glycan biosynthesis pathway leads to a subcellular redistri-
bution of claudin-3 and decreases its levels in colorectal cancer
(CRC) HCT-116 cells (undifferentiated phenotype). Changes
in both protein levels (overexpression or downregulation) and
subcellular localization of different claudins may lead to the
loss of TJ functionality (12,36,37). We previously reported
that claudin-3 overexpression in HT-29 cells (moderately
differentiated CRC cells) increases the malignancy potential
and affects the mechanisms of paracellular flux control (12).

In the present work, we observed that inhibition of N-glycan
biosynthesis by tunicamycin led to a decrease in claudin-3
levels in HCT-116 cells, which is a cell line that endogenously
presents high levels of this protein. However, tunicamycin did
not restore the flow of ruthenium red dye through the TJs. We
suspect that this finding may be related to the undifferenti-
ated phenotype of these cells, where the decrease in claudin-3
levels was not sufficient to completely restore TJ-mediated
permeability. We did, however, observe that tunicamycin
led to the establishment of tighter cell-cell contacts, which
may contribute to a more differentiated phenotype (23) and
to a decrease in invasiveness (38). Moreover, tunicamycin
also promoted an increase in claudin-3 levels on the cellular
membrane.

The tighter cell-cell contact can be explained, at least
in part, by the protein composition of TJ strands. Changes
in claudin levels also facilitate the incorporation of other
isoforms to compose their oligomers, which may interfere in
both barrier and channel functions of the tight junctions (39).
Claudin-3, for example, can interact with claudins 1, 4, and 8
to form oligomers, besides being able to interact with claudins
1,2, and 5 from adjacent cells (40,41). A previous study that
analyzed the expression of several claudin isoforms in normal
and tumor tissues identified mechanisms that may simultane-
ously regulate CLDN3, CLDN4, and CLDN7 and lead to very
similar expression patterns of these genes (42). Therefore, we
should not disregard the possibility of variations in the levels
of other isoforms of claudin in the context of the decreased
claudin-3 that was observed in the present study.

PEREZ et al: Claudin-3 REGULATION IN CRC

The influence of receptor tyrosine kinases (RTKs) on the
control of TJ stability is already known (13-15); however,
the regulatory role of N-glycans in this process remains
poorly understood. Here, we found that epidermal growth
factor receptor (EGFR) and insulin-like growth factor 1
receptor (IGFIR) deglycosylation induced by treatment
with tunicamycin led to a decrease in the phosphorylation
levels of both receptors. The specific inhibition of EGFR
or IGFIR also decreased both their phosphorylation and
the claudin-3 protein levels. These findings show that
RTK-related downstream signaling pathways regulates the
content of claudin-3 in HCT-116 cells. Although we identi-
fied RTK-related signaling pathways (PLC and STAT?3) that
regulate claudin-3 levels in CRC HCT-116 cells, the find-
ings did not reveal the mechanism that integrates RTKs,
glycogenes, and claudin-3 levels. Our ongoing studies are
addressing this issue.

The differential levels of claudins in distinct carcinomas
have been previously reported (43). A gene expression-based
study identified a molecular subtype of breast cancer charac-
terized by low levels of mRNA coding for claudins, referred
to as the claudin-low molecular subtype (44). Interestingly,
while the low expression of CLDN3 in this subtype was
related to worse overall survival (44), other carcinomas, such
as colorectal, breast, gastric, ovary, and pancreas carcinomas,
have shown increased levels of various claudins (45), as well as
being related to a poor prognosis (46). Indeed, the expression
levels of cancer-related genes have been extensively used as a
parameter to determine tumor molecular subtypes related to
distinct clinical outcomes (47,48).

Regarding CRC, the recent gene profiling-based stratifica-
tion system, which has identified consensus molecular subtypes
with prognostic and predictive differences, represents a novel
classification method that can improve clinical practice (49).
In our study, we analyzed the overall survival of CRC patients
according to the expression levels of CLDN3. Low expression
levels of CLDN3 in the CMS2 and CMS3 subtypes improved
the patients' long-term survival. Recently, similar results were
reported regarding the identification of intra-CMS subgroups
using the expression levels of claudins, thereby corroborating
the use of this strategy for the identification of molecular
subtypes (50). Our findings also revealed that an integrated
analysis of functionally related genes in a particular cellular
event (e.g., TJ stability regulation) should be explored as a
useful tool to better understand the specific alterations in each
CMS.

We also found that the potential functional relationship
between CLDN3, MGAT5, ST6GALI, and B3GNTS could be
subtype-specific, since we observed that these genes display
higher expression levels in the CMS2 than in the CMSI1
subtype. These findings also suggest that multidimensional
analyses that considering the different stages of CRC, and
especially molecular subtypes, are crucial for the identifica-
tion of regulatory mechanisms that rely on the integrated
participation of several genes.

The differential gene expression seen among these CMSs
can be assumed to have biological significance corresponding
to their respective protein levels; however, the existence
of discrepancies cannot be disregarded between mRNA
levels and protein expressions attributable to other levels of
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regulation (51). Nevertheless, this correlation appears to be
quite reliable within distinct biological groups (52).

One important issue in the classification of cancers into
molecular subtypes concerns the limitations imposed by tumor
heterogeneity. Intratumoral heterogeneity has challenged the
actual classification of CRC because the region of the tumor
where the sample is taken for molecular profiling analysis could
obscure the tumor classification (53). Nevertheless, other authors
have argued that tumor-intrinsic subtyping captures the vast
majority of biological diversity (54). Pioneering translational
research in colorectal cancer has shown that a specific molecular
subtype of CRC, called CCS3, is resistant to anti-EGFR therapy
in a clinical setting, independent of RAS mutation status, the
classical determinant for therapy response (55).

Encouraging data have recently clarified this issue, as no
differences were observed in the survival of KRAS/BRAF
wild-type patients treated with cetuximab whose tumors
had been classified as mesenchymal-like (CMS4) (56).
This confirms the importance of discovering the molecular
identities and new targets if improvements in the efficacy of
therapies against CRC are to be achieved. Here, we identi-
fied an intra-CMS2 and intra-CMS3 subgroups that show
significant differences in terms of the patients' long-term
survival based on the expression pattern of CLDN3. We also
demonstrated that the inhibition of N-glycan biosynthesis
compromises RTK activation, thereby corroborating previous
data suggesting N-glycosylation as a promising target in cancer
therapy (57-59).

Aberrant N-glycosylation in cancer cells has been reported
previously (60) and is regulated by changes in enzyme levels
that make up the glycosylation machinery (48,61), among other
factors. Alterations in glycan structures, as well as in the enzymes
responsible for them, are accepted as possible biomarkers
in cancer (62-64). For example, MGAT5 and f1,6-branched
N-glycans are useful markers for predicting the aggressive
phenotype in CRC tumors (65,66). Here, we observed that
MGATS was upregulated in CRC samples, even in those from
patients with early stages of disease. This result suggests that the
overexpression of the MGATS gene could be a potential CRC
biomarker, once the N-glycan-related gene expression profile has
also been used to identify CRC molecular biomarkers (48).

In conclusion, the data we have presented here suggest a
modulatory role of N-glycosylation in RTK functionality and in
the regulation of claudin-3 protein levels. We also demonstrated
that the expression analysis of CLDN3 and N-glycan-related
genes could be clinically useful for determining relevant CRC
subtypes, as well as for identifying potential glycobiomarkers.
Our findings provide insights into how the dysregulation of
claudin-3 occurs in CRC.
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