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In Entamoeba histolytica, the EhADH adhesin together with the EhCP112 cysteine

protease, form a 124 kDa complex named EhCPADH. This complex participates

in trophozoite adherence, phagocytosis and cytolysis of target cells. EhCPADH and

EhCP112 are both involved on epithelium damage, by opening tight junctions (TJ)

and reaching other intercellular junctions. EhADH is a scaffold protein belonging to the

ALIX family that contains a Bro1 domain, expresses at plasma membrane, endosomes

and cytoplasm of trophozoites, and is also secreted to the medium. Contribution of

EhADH to TJ opening still remains unknown. In this paper, to elucidate the role of

EhADH on epithelium injury, we followed two strategies: producing a recombinant

protein (rEhADH) and transfecting the ehadh gene in MDCK cells. Results from the first

strategy revealed that rEhADH reached the intercellular space of epithelial cells and co-

localized with claudin-1 and occludin at TJ region; later, rEhADH was mainly internalized

by clathrin-coated vesicles. In the second strategy, MDCK cells expressing EhADH

(MDCK-EhADH) showed the adhesin at plasma membrane. In addition, MDCK-EHADH

cells exhibited adhesive features, producing epithelial aggregation and adherence

to erythrocytes, as described in trophozoites. Surprisingly, the adhesin expression

produced an increase of claudin-1, occludin, ZO-1 and ZO-2 at TJ, and also the

transepithelial electric resistance (TEER), which is a measure of TJ gate function.

Moreover, MDCK-EhADH cells resulted more susceptible to trophozoites attack, as

showed by TEER and cytopathic experiments. Overall, our results indicated that EhADH

disturbed TJ from the extracellular space and also intracellularly, suggesting that EhADH

affects by itself TJ proteins, and possibly synergizes the action of other parasitemolecules

during epithelial invasion.

Keywords: MDCK cells, EhCPADH, amoebiasis, trophozoites, epithelial barrier, transepithelial electrical

resistance, intercellular junctions

https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#editorial-board
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#editorial-board
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#editorial-board
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#editorial-board
https://doi.org/10.3389/fcimb.2018.00340
http://crossmark.crossref.org/dialog/?doi=10.3389/fcimb.2018.00340&domain=pdf&date_stamp=2018-09-28
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles
https://creativecommons.org/licenses/by/4.0/
mailto:abetanzosfe@conacyt.mx
mailto:esther@cinvestav.mx
https://doi.org/10.3389/fcimb.2018.00340
https://www.frontiersin.org/articles/10.3389/fcimb.2018.00340/full
http://loop.frontiersin.org/people/452162/overview
http://loop.frontiersin.org/people/616530/overview
http://loop.frontiersin.org/people/466487/overview
http://loop.frontiersin.org/people/437704/overview


Betanzos et al. EhADH Expression in MDCK Cells

INTRODUCTION

Entamoeba histolytica is the protozoan responsible for human
amoebiasis that infects 50 million people and kills between
30 and 100 thousand individuals around the world (Singh
et al., 2016). Amoebiasis is characterized by acute diarrhea
due to the substantial damage of the colonic epithelium
produced by E. histolytica trophozoites (Cornick and Chadee,
2017). Trophozoites attach to and displace over the epithelium,
contacting the epithelial cell surface. Then, they open the
intercellular spaces by gradual separation of adjacent cells.
Subsequently, epithelial cells are detached from the substrate
and phagocytosed by the parasite (Martínez-Palomo et al.,
1985). Several molecules are involved in this process, such as
Gal/GalNAc lectin, amoebapores, cysteine and serine proteases,
prostaglandin E2 (PGE2), the EhCPADH complex, among others
(Chadee et al., 1987; Leippe, 1997; García-Rivera et al., 1999;
Meléndez-López et al., 2007; Lejeune et al., 2011; Cornick et al.,
2016).

Tight junctions (TJ) regulate ion and macromolecules flux
across the epithelium, and also constitute the first barrier that
pathogens face during host invasion. TJ are composed by
integral proteins (e.g., claudins, occludin and junctional adhesion
molecules) bound to the actin-cytoskeleton by cortical proteins,
such as ZO-1,−2, and−3 (Capaldo et al., 2014).

The initial epithelial damage produced by E. histolytica is
characterized by TJ opening, reflected as a dramatic drop of
transepithelial electrical resistance (TEER) (Martínez-Palomo
et al., 1985; Leroy et al., 2000; Betanzos et al., 2013), with the
participation of PGE2 (Lejeune et al., 2011) and EhCPADH
(Betanzos et al., 2013). PGE2 increases ion permeability by
altering claudin-4 (Lejeune et al., 2011), while the EhCPADH
complex affects claudin-1 and occludin (Betanzos et al.,
2013). EhCPADH also damages adherens junctions (AJ) and
desmosomes (DSM) (Hernández-Nava et al., 2017), structures
that reinforce adhesion among epithelial cells, participate in
cell polarity establishment and constitute centers of intracellular
signaling (Capaldo et al., 2014).

The EhCPADH complex (Arroyo and Orozco, 1987), formed
by an adhesin (EhADH) and a cysteine protease (EhCP112),
participates in adhesion, cytolysis and phagocytosis of target
cells (García-Rivera et al., 1999). EhCPADH, EhADH, and
EhCP112 are secreted during trophozoite attack (Ocádiz et al.,
2005; Bolaños et al., 2016). Moreover, an EhCP112 recombinant
protein drops TEER of epithelial cells, and dislocates and
degrades junctional molecules, including claudin-1, claudin-2, β-
catenin, E-cadherin, desmoplakin-I/II and desmoglein-2 (Cuellar
et al., 2017; Hernández-Nava et al., 2017).

EhADH contains a Bro1 domain (residues 9–349),

characteristic of ALIX family members which are scaffold

and multifunctional proteins (Odorizzi, 2006; Morita et al.,

2007; Bissig and Gruenberg, 2014). Besides to its adhesive
properties, EhADH is also an accessory protein of the endosomal
sorting complex required for transport (ESCRT) machinery,
whose components are pivotal players during phagocytosis
in trophozoites (Avalos-Padilla et al., 2015, 2018). EhADH is
localized at plasma membrane and endosomal compartments,

and together with ESCRTmembers, contributes tomultivesicular
bodies formation (Bañuelos et al., 2012; Avalos-Padilla et al.,
2015). Moreover, EhADH associates to cholesterol-trafficking
proteins EhNPC1 and EhNPC2, suggesting an extra role in
the uptake and transport of this essential lipid toward cellular
membranes (Bolaños et al., 2016). Monoclonal antibodies
(mAbAdh) against the C-terminal adherence domain (residues
480–600) of this protein (Montaño et al., 2017), inhibit
trophozoite adhesion to and phagocytosis of erythrocytes, as
well as destruction of MDCK cell monolayers (García-Rivera
et al., 1999). However, the specific role of EhADH on epithelium
damage has not been fully studied. What does the parasite
protein do when it reaches the epithelium? Does it penetrate the
target cell? If so, what does the adhesin carry out inside the cell?
To approach these questions, we followed two different strategies:
(i) we produced a recombinant protein (rEhADH) to scrutinize
the effects of EhADH alone on epithelial cell monolayers, and
(ii) we generated epithelial cells stably transfected with the ehadh
gene (MDCK-EhADH) to evaluate EhADH effects within the
cells.

Our findings showed rEhADH reaching the intercellular space
of epithelial cells, co-localizing at TJ with claudin-1 and occludin.
This protein was mainly internalized by clathrin-coated vesicles
to MDCK cells. Meanwhile, MDCK cells expressing EhADH,
exhibited epithelial aggregation and an increased adhesion to
erythrocytes. Furthermore, EhADH mainly altered the amount
of claudin-1 and occludin, reflected as an increase of TEER.
Interestingly, we found that MDCK-EhADH cells resulted more
susceptible to live trophozoites during TEER and cytopathic
assays, than control cells. Thus, we suspect that EhADH, which
preserved its adhesive properties within MDCK-EhADH cells,
could be in some way preparing to epithelial cells for the
trophozoites attack mediated by other virulence factors, whose
identity and role on the concerted mechanism of epithelium
damage should be further addressed.

MATERIALS AND METHODS

Antibodies
For EhADH immunodetection, we obtained rabbit polyclonal
antibodies (α-EhADH) against a specific EhADH peptide (N-566
QCVINLLKEFDNTKNI 582-C) localized within the adherence
domain. New Zealand male rabbits were immunized three times
(each 2 weeks) with 300 µg of this peptide diluted in TiterMax R©

Gold Adjuvant liquid (Sigma). Other primary antibodies used
were: mouse against EhADH (mAbAdh) (Arroyo and Orozco,
1987), α-actin (kindly donated by Dr. José Manuel Hernández
from Department of Cellular Biology, CINVESTAV, Mexico), α-
claudin-1 (Invitrogen), α-occludin (Invitrogen) and α-caveolin-
1 (Santa Cruz Biotechnology); rabbit α-ZO-2 (Invitrogen), α-
ZO-1 (Invitrogen), α-occludin (Invitrogen), α-α/β tubulin (Cell
Signaling), and α-PCNA (Azuara-Liceaga et al., 2018); and
goat α-clathrin (Santa Cruz Biotechnology) and α-GAPDH
(Santa Cruz Biotechnology). For some experiments, mouse
IgM isotype control (Thermo Fisher) was used. Secondary
antibodies included: α-rabbit, α-mouse and α-goat HRP-labeled
IgG (1:10,000) (Life technologies); and α-rabbit, α-mouse and
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α-goat FITC-, TRITC- and Cy5-labeled IgM, and IgG (1:100)
(Zymed) antibodies.

Cell Cultures
Trophozoites of E. histolytica strain HM1:IMSS clone A (Orozco
et al., 1983) were axenically cultured at 37◦C in TYI-S-33
medium and harvested during the logarithmic growth phase by
chilling the culture tubes for 10min in an ice-water bath. Then,
trophozoites were collected by centrifugation at 360× g for 5min
(Diamond et al., 1978).

Madin Darby canine kidney (MDCK) epithelial cells type I
(Cereijido et al., 1978) and human colorectal adenocarcinoma
(Caco-2) from the C2BBe1 lineage (Sambuy et al., 2005) were
grown in DMEMmedium (Gibco) supplemented with 100 IU/ml
penicillin (in vitro), 100 mg/ml streptomycin (in vitro), 10%
fetal bovine serum (Gibco), and 0.08 U/ml rapid-acting insulin
(Eli Lilly), at 37◦C in a 95% air and 5% CO2 atmosphere
(Betanzos et al., 2013). Transfected MDCK cells were cultured in
DMEMmedium supplemented with 0.5 mg/ml G-418 (Gibco), a
neomycin derivative.

Construction of Plasmids and Production
of rEhADH
A DNA fragment of 2061 bp encoding the full-length of
E. histolytica ehadh gene, was PCR amplified from the
pExEhNeo-Ehadh112 plasmid (Bañuelos et al., 2005) using the
oligonucleotides described in Table 1. The ehadh gene was
cloned into the pGEX6P1 and pcDNA3 plasmids (Invitrogen)
between BamHI and Xho1, or KpnI and BamH1 digestion
sites, respectively. Escherichia coli C43 (DE3) and -DH5α
bacteria (Invitrogen) were transformed with pGEX6P1-ehadh
and pcDNA3-ehadh, respectively. Plasmids were purified by
an affinity column (Qiagen) and automatically sequenced to
corroborate the ehadh gene sequence.

To produce an EhADH recombinant protein (rEhADH),
E. coli C43 (DE3) bacteria were transformed with the pGEX6P1-
ehadh plasmid. The recombinant protein was induced with 1mM
IPTG and purified as described (Bañuelos et al., 2012).

Transfection Assays
Transfection of pcDNA3-ehadh or pcDNA3 plasmids into MDCK
cells was performed with the Lipofectamine R© 2,000 transfection
reagent (Invitrogen), following the manufacturer’s instructions.
Positive clones were selected after 48 h transfection using 1
mg/ml of G-418 in the culture medium. After 3 weeks, the
antibiotic was diminished to 0.5 mg/ml.

RT-PCR Experiments
Total RNA from non-transfected and transfected MDCK
cells was isolated by TRIzol R© Reagent (Invitrogen). cDNAs
were reverse-transcribed from 1 µg of total RNAs using
M-MLV Reverse Transcriptase (Promega) and following the
manufacturer’s instructions. Then, PCR for ehadh, neo, and
gapdh (as internal control) genes were performed with the
oligonucleotides described in Table 1. PCR amplifications were
done following standard procedures for cycling conditions that
included an initial denaturing step at 94◦C for 1min, followed
by 30 cycles of 94◦C for 1min, 50, 60, or 65◦C (according
to respective Tm) for 1min, and 72◦C for 1min, with a final
extension step at 72◦C for 7min. Products were separated by
electrophoresis in 1% agarose gels and revealed by ethidium
bromide staining (Bolaños et al., 2016).

Cellular Extracts
Bacteria were lysed with 2% sarcosyl and 0.5% Triton X-100 in
PBS by sonication at 4◦C.

Trophozoites were washed twice with ice-cold PBS (140mM
NaCl, 2.7mM KCl, 10mM Na2HPO4, 1.8mM KH2PO4, pH
7.4) and lysed by freeze-thawing in the presence of 100mM p-
hydroxymercuribenzoate (PHMB) and 40µg/ml of E-64 (García-
Rivera et al., 1999).

MDCK cells were collected with a rubber policeman, washed
three times with ice-cold PBS and lysed for 30min in RIPA buffer
(40mM Tris-HCl pH 7.6, 150mM NaCl, 2mM EDTA, 10%
glycerol, 1% Triton X-100, 0.5% sodium deoxycholate, 0.2% SDS,
1mM PMSF and the CompleteTM [Roche] protease inhibitor
cocktail) under continuous and vigorous shaking. Extracts were

TABLE 1 | Oligonucleotide sequences.

Complete gene Sequence primer TM (◦C) Restriction enzyme Plasmid

ehadh F GGGGTACCTATGAATAGACAATTCATTCCTGAA 69 KpnI pGEX6P1

R CGGGATCCTTAAAGAGATGGAAACATAGGATTG BamH1

ehadh F CGGGATCCATGAATAGACAATTCATTCCT 72 BamH1 pcDNA3

R AGCTCGAGTTAAAGAGATGGA Xho1

RT-PCR Sequence primer TM (◦C) Amplicon size (bp)

ehadh F CATACCAATGAGAAAGTCAGATCC 65 796

R C GAGCACATCCTAACGCTAAGG

neo F ATGATTGAACAAGATGG 50 650

R TTAGAAGAACTCGTC

gapdh F TCCTGCACCACCAACTGCTT 60 100

R GGCATGGACGGTGGTCATGA

Restriction enzyme sites are underlined. F, forward; R, reverse.
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sonicated three times for 30 s and centrifuged for 15min at 25,000
× g to eliminate undissolved cellular debris (Betanzos et al.,
2013).

Western Blot Assays
Protein samples were separated by 6, 8, 10, or 15% sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE),
subsequently transferred onto nitrocellulose membranes and
incubated 1 h with 5% non-fat milk. Blotting were performed
overnight (ON) with mouse mAbAdh (1:50), α-claudin-1
(1:1,000) or α-actin (1:1,500); rabbit α-EhADH (1:3,000), α-
occludin (1:1,000), α-ZO-1 (1:500), α-ZO-2 (1:800) or α-tubulin
(1:3,000); or goat α-GAPDH (1:10,000) antibodies. Then, we used
HRP-conjugated secondary antibodies against mouse IgM and
IgG, rabbit IgG or goat IgG, followed by a chemiluminiscence
detection system (ECL-Plus kit; Amersham Pharmacia Biotech).
Protein bands were visualized on a MicroChemi System (DNR
Bio-Imaging), and densitometry analysis were performed using
the ImageJ software.

Interaction of Epithelial Cells With
Recombinant Proteins
Confluent and sparse MDCK and Caco-2 cell monolayers were
apically incubated with 10 µg/cm2 of rEhADH or rEhPCNA
(Cardona-Felix et al., 2011) for different times at 37◦C.
After interaction, epithelial cells were washed five times with
PBS (140mM NaCl, 2.7mM KCl, 10mM Na2HPO4, 1.8mM
KH2PO4, pH 6.8) to eliminate unbound molecules, and treated
for immunofluorescence assays as described below.

In the case of rEhADH, it was Alexa Fluor 647-labeled using
the Antibodies Labeling Kit (Molecular Probes), following the
manufacturer’s instructions. Briefly, 100 µg of rEhADH were
equilibrated with 0.1M sodium bicarbonate to allow the adequate
succinimidyl ester reaction with primary amines of the protein, to
form stable dye-protein conjugates (Cuellar et al., 2017).

Immunofluorescence Assays
MDCK and Caco-2 cell monolayers grown on glass coverslips
were fixed and permeabilized with absolute ethanol for 30min at
−20◦C. Cells were blocked for 30min with 0.5% BSA and 0.05%
saponin, and then incubated ON at 4◦C with mouse α-claudin-
1 (1:25), mouse α-occludin (1:1,000), rabbit α-EhADH (1:100),
rabbit α-ZO-1 (1:100) or rabbit α-ZO-2 (1:100) antibodies. For
co-localization experiments, monolayers were incubated with
mouse mAbAdh (1:10), rabbit α-EhADH (1:100) or rabbit
α-PCNA (1:100), and mouse α-caveolin-1 (1:100), goat α-
clathrin (1:100), mouse α-claudin-1 (1:25), mouse α-occludin
(1:1,000), rabbit α-ZO-1 (1:100) or rabbit α-ZO-2 (1:100)
antibodies. After three-times washing with PBS, preparations
were accordingly incubated for 1 h at room temperature (RT)
with FITC-, TRITC- and Cy5-conjugated secondary antibodies.
For cells in suspension, the procedure was performed in
Eppendorf tubes and finally placed on coverslips. In some cases,
nuclei were counterstained with 2.5µg/ml of 4′,6-diamidino-
2-phenylindole (DAPI) (Zymed) during 5min. Preparations
were mounted with the antifade reagent Vectashield (Vector
laboratories) and examined through a confocal microscope

(Leica TCS_SP5_MO) in Z-stack optical sections of 0.5µm
and xz- and zy-planes. In all cases, 10 fields per condition
were analyzed and representative images were selected for each
time.

For inhibition of clathrin-coated vesicles transport, MDCK
cells were pre-incubated with 300mM sucrose diluted in DMEM
medium at 37◦C for 1 h or DMEM medium as a control (Mosso
et al., 2008). Then, cells were processed for immunofluorescence
as above.

Aggregation and Adhesion Assays
Transfected MDCK cells were trypsinysed, washed twice in PBS,
diluted in DMEM and suspended as hanging drops from the
lid of a 24 well culture dish. Wells were filled with sterile water
to prevent drops drying (Thoreson et al., 2000). Culture dishes
were kept in a humid 5% CO2 incubator at 37◦C and cell
aggregation was determined 4 h after plating. Cells in each drop
were passed 10 times through a standard 200 µl Gilson pipet tip
and photographed through a Nikon E600 microscope, using a
20X phase contrast objective. The number of isolated cells and
cells forming aggregates were counted in five random fields from
three independent experiments.

Adhesion assays were lightly modified from previously
described (Orozco et al., 1983). Briefly, MDCK cells in
suspension were mixed with washed erythrocytes (1:100 ratio).
Cell mixture was incubated for 0.5, 1 and 2 h at 37◦C, fixed
with 2.5% glutaraldehyde for 30min at 37◦C and washed
three-times with PBS. Erythrocytes were counterstained with
4.5mM diaminobenzidine for 30min at 37◦C. Finally, adhered
erythrocytes to each MDCK cell in ten random fields from three
independent experiments were counted through a Nikon E600
microscope.

For inhibiting cell aggregation and erythrocytes adhesion,
before experiments, 2 × 105 MDCK cells were incubated with
10 µg mAbAdh antibody or IgM isotype for 30min at 37◦C.

Measurement of Transepithelial Electrical
Resistance (TEER)
Transfected MDCK cells were seeded on Transwell filter
supports (6.5mm diameter and 0.4µm pore; Corning). Three
days after plating, and after confirming through an inverted
microscope that monolayers reached confluency, the TEER was
measured using an EVOM epithelial voltmeter (World Precision
Instruments) (Betanzos et al., 2013). TEER values were obtained
by subtracting cell-free filter readings.

For some experiments, transfected MDCK cells were apically
incubated with live trophozoites (105/cm2) and TEER was
monitored during 90min.

Paracellular Flux Assays
TRITC-dextran (3 mg/ml) of 4 kDa (Sigma Aldrich) was added
to the apical side of transfected epithelial cells in confluency,
seeded in Transwell filters. After 90min incubation at 37◦C
with gentle shaking and darkness, samples from the basal
chamber were collected and the diffused fluorescent tracer was
measured in a fluorimeter (excitation λ = 547 nm; emission
λ = 572 nm). Emission values were converted to TRITC-dextran
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concentration, using a standard curve (Cuellar et al., 2017). As a
positive control, before tracer addition, cells were incubated for
30min with 5mM EDTA.

Cytopathic Assays
Transfected MDCK cells in confluency, seeded in 24-well plates,
were twice-washed with PBS to remove traces of serum and
then incubated with live trophozoites (50, 100, and 250 × 103)
suspended in TYI-S-33 medium without serum. Incubation was
carried out for 2 h at 37◦C in a CO2 containing incubator. The
reaction was stopped by cooling cell culture plates in an ice-
water bath, to release adhered trophozoites. Epithelial cells were
carefully washed with cold PBS and monolayer destruction was
measured as described (Bracha and Mirelman, 1984).

Statistical Analysis
All data shown in this work, were representative from three
independent experiments performed at least by triplicate. Results
were displayed as mean and standard error. For statistical
analysis, we followed the two-tailed Student t-test and two-
ways ANOVA using the GraphPad Prism 5 software. Statistical
significance was assumed when ∗p < 0.05, ∗∗p < 0.01, or
∗∗∗p < 0.001.

Ethics Statement
The Centre for Research and Advanced Studies (CINVESTAV)
fulfilled the standard of the Mexican Official Norm (NOM-
062-ZOO-1999) and Technical Specifications for the Care and
Use of Laboratory Animals based on the Guide for the Care
and Use of Laboratory Animals The Guide, 2011, NRC, USA
with the Federal Register Number BOO.02.03.02.01.908. This
is awarded by the National Health Service, Food Safety and
Quality (SENASICA) belonging to the Animal Health Office
of the Secretary of Agriculture, Livestock, Rural Development,
Fisheries and Food (SAGARPA), an organization that verifies
the state compliance of such Mexican Official Norm (NOM)
in Mexico. The Institutional Animal Care and Use Committee
(IACUC/ethics committee) of CINVESTAV, as the regulatory
office for the approval of research protocols involving the use of
laboratory animals and, in fulfillment of the NOM, has reviewed
and approved all animal experiments (Protocol Number 0505-12,
CICUAL 001).

RESULTS

Recombinant EhADH (rEhADH) Penetrates
Epithelial Cells Through the Paracellular
Route
The EhCPADH complex is a virulence factor involved
in adhesion, phagocytosis and cytolysis of target cells by
E. histolytica trophozoites. This protein, as well as EhCP112
and EhADH, are secreted during host invasion, and from
the medium they reach the target cell surface (García-Rivera
et al., 1999; Ocádiz et al., 2005). To investigate the role of
EhADH on epithelium damage without the interference of other
trophozoite proteins, we produced an EhADH recombinant
protein (rEhADH). The ehadh gene was cloned into the pGEX6P1

plasmid, and pGEX6P1-ehadh transformed bacteria were induced
for EhADH expression as a recombinant protein tagged to GST
(Figure 1A). After purification by a glutathione-sepharose resin,
the purity of rEhADH was visualized in silver-stained gels. A
single 101 kDa band corresponding to the expected molecular
weight for EhADH (75 kDa) (García-Rivera et al., 1999) plus
GST (26 kDa) was evidenced (Figure 1B). The identity of the
recombinant protein was probed by western blot assays using
α-GST and mAbAdh antibodies. Both antibodies recognized the
same 101 kDa band (Figure 1B); whereas in trophozoites lysates,
the polyclonal α-EhADH antibody directed against a EhADH
polypeptide (residues 566–582) located within the adherence
domain, recognized the 75 kDa band (Figure 1C). Purified
rEhADH coupled to the Alexa 647 fluorescent dye, was added to
the apical side of confluent MDCK cells. Confocal microscopy
images showed that immediately after rEhADH addition, the
protein located at cellular borders, then, it appeared co-localizing
with occludin and claudin-1 at the TJ region (Figures 2, 3).
xz-planes images revealed that rEhADH was posed firstly on
the apical surface of cells. Next, it penetrated through the
intercellular space to be later found inside the cells. During these
experiments, monolayers seemed intact under phase contrast
images, even at 60min rEhADH incubation. However, confocal
images revealed that after cells contact with rEhADH (1 and
5min), occludin and claudin-1 were delocalized from the cellular
borders and eventually, both proteins were internalized to the
cytoplasm (15min). Afterwards, at 30 and 60min these proteins
partially recovered their TJ localization. Another E. histolytica
recombinant protein, rEhPCNA (Cardona-Felix et al., 2011), did
not bind to epithelial cells and neither produced modifications
on TJ proteins (Figure 2B), indicating that the rEhADH effects
were specific. We also investigated the effect of rEhADH on
sparse MDCK cultures, where TJ structure and functions are
not yet well stablished. Results evidenced claudin-1 at cellular
borders in a discontinuous pattern, and this protein was not
diminished neither internalized during all rEhADH incubation
times (Figure S1). Whilst, at the beginning of incubation,
rEhADH was mainly localized at the borders of cellular groups
in growth. Nevertheless, at 30min incubation, rEhADH was
found at plasma membrane and cytoplasm (Figure S1), in
accordance to the effect of this protein on confluent cells at
15min (Figure 3). To analyse the effect produced by rEhADH
on the natural colonization site in the host, we assessed its
localization on human intestinal Caco-2 cells. Confocal images
showed similar results in Caco-2 (Figure 4) and MDCK cells,
confirming that rEhADH contacts epithelial cells, then displaces
along the intercellular space, penetrates the cells and delocalizes
occludin and claudin-1.

rEhADH Is Internalized by Clathrin-Coated
Vesicles
Some pathogens and their secreted molecules enter the host cell
by lipid microdomains known as caveolae and clathrin-coated
vesicles (Rosenberger et al., 2000; Moreno-Ruiz et al., 2009;
Machado et al., 2012). In fact, we have reported that EhCP112, the
other part of the EhCPADH complex, is introduced to epithelial
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FIGURE 1 | Production of rEhADH. (A) Lysates of E. coli C43 (DE3) bacteria transformed with the pGEX6P1-ehadh plasmid. The recombinant GST-EhADH (rEhADH)

expression was induced in bacteria by 1mM IPTG and analyzed by western blot assays using the α-GST or α-GAPDH (loading control) antibodies. NI: non-induced. I:

induced. (B) rEhADH purity was analyzed by silver gel staining (Ag) and western blot assays using α-GST and mAbAdh antibodies. (C) Trophozoites (Eh) lysates were

analyzed by western blot using pre-immune serum (PS), α-EhADH or α-actin (loading control) antibodies. Numbers at left: molecular weight standards. Arrows:

expected molecular weight of proteins.

FIGURE 2 | Co-localization of rEhADH with occludin on MDCK cells. (A) rEhADH coupled to Alexa 647 (green) or (B) rEhPCNA were apically added to confluent

MDCK cells and incubated for different times, then, cells were fixed and processed for immunofluorescence assays using the α-occludin antibody (red). rEhPCNA was

detected by α-EhPCNA antibody (green). Nuclei were counterstained with DAPI (blue) and preparations were analyzed through a confocal microscope at xy- and

zy-planes. Arrows: co-localization at cellular borders. Full arrowheads: co-localization at lateral membrane. Empty arrowheads: localization of EhADH (green) and

occludin (red) at cytoplasm. Asterisks: EhPCNA localization. Bar = 20µm.

cells by these kind of vesicles (Hernández-Nava et al., 2017).
To explore whether rEhADH was internalized into MDCK cells
through any of these mechanisms, we used antibodies against
human clathrin−1 and caveolin. MDCK cells were incubated
with fluorescence-labeled rEhADH and followed by confocal
microscopy. Images evidenced that rEhADH strongly localized
at clathrin-coated vesicles, whereas its localization at caveolae

was poor (Figure 5A). Next, to confirm rEhADH endocytosis
mediated by clathrin-coated vesicles, we used sucrose to inhibit
this type of transport (Mosso et al., 2008). MDCK cells treated for
1 h with sucrose diminished clathrin-coated vesicles (Figure 5B).
These cells now incubated for 1 (Figure S2) and 5min
(Figure 5B) with rEhADH, poorly bound it and were not able to
internalize this protein, while sucrose-untreated cells presented
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FIGURE 3 | Co-localization of rEhADH with claudin-1 on MDCK cells. rEhADH coupled to Alexa 647 (green) was apically added to confluent MDCK cells and

incubated for different times, then, cells were fixed and processed for immunofluorescence assays using the α-claudin-1 antibody (red). Nuclei were counterstained

with DAPI (blue) and preparations were analyzed through a confocal microscope at xy- and zy-planes. Arrows: co-localization at cellular borders. Full arrowheads:

co-localization at lateral membrane. Empty arrowheads: localization of EhADH (green) and claudin-1 (red) at cytoplasm. Bar = 20µm.

rEhADH at cellular borders and inside the cells, co-localizing
with clathrin (Figure 5B). In rEhADH-untreated MDCK cells,
the sucrose treatment also affected the occludin pattern at
TJ region, lightly reducing its localization at cellular borders.
As mentioned above, in sucrose-untreated MDCK cells and
incubated with rEhADH, occludin was delocalized (Figure 2A),
however after 5min rEhADH incubation, when clathrin-
transport is inhibited, occludin remained in its characteristic
localization (Figure 5B). These findings robustly suggested
that rEhADH is internalized to target cells by clathrin-coated
vesicles.

E. histolytica EhADH Is Expressed by
pcDNA3-ehadh Transfected MDCK Cells
To study the effect produced by EhADH inside epithelial cells,
we expressed this protein in MDCK cells that were transfected
with the pcDNA3-ehadh plasmid, which contains a promoter
for expressing exogenous genes in mammalian cells. Stably
transfected cells were selected with G-418. To evidence the
presence of the ehadh transcript, we performed RT-PCR assays.
Results revealed that only MDCK cells transfected with pcDNA3-
ehadh (MDCK-EhADH), expressed the ehadh transcript, in
contrast to pcDNA3 transfected (MDCK-3) or non-transfected
(MDCK) cells (Figure 6A). The stable gene transfection in these
cells was also demonstrated by RNA expression of the neomycin
resistance gene, which was also expressed by MDCK-3 cells. The
expression of the EhADH protein was verified by western blot
assays, using total extracts of MDCK-EhADH cells and a specific

polyclonal antibody against the adhesin (α-EhADH). The α-
EhADH antibody recognized a single 75 kDa band (Figure 6B),
as reported (García-Rivera et al., 1999), and did not detect any
protein in MDCK-3 and non-transfected cells (Figure 6B). In
general, growth rates for all cell types were similar (Figure 6C).
Thus, MDCK cells constitutively expressed E. histolytica EhADH
and apparently, by itself the adhesin did not affect the viability
and growth of epithelial cells.

EhADH Is Localized at the MDCK Cellular
Membrane
Protein function is closely related to its location in cellular
structures. In trophozoites, EhADH is localized at plasma
membrane, endosomes and cytoplasm (Avalos-Padilla et al.,
2015; Montaño et al., 2017). The location of the EhADH
protein in MDCK-EhADH cells was studied at different stages
of the cell monolayer formation through immunofluorescence
assays using the mAbAdh antibody. In MDCK-EhADH cells in
suspension, EhADH mainly appeared at the plasma membrane
(Figure 6D). In sparse cultures, when cell polarization begins,
EhADH was predominantly concentrated at borders of the
growing cellular groups, where the cell monolayer was extending
(Figure 6D). This pattern correlated with that observed in sparse
non-transfected cultures incubated with rEhADH (Figure S1).
Interestingly, MDCK-EhADH confluent monolayers presented
EhADH at cellular borders (Figure 6D), which is in concordance
with the localization of its rat homolog (Alix), present at cellular
borders of immortalized epithelial cells from rat choroid plexus
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FIGURE 4 | Co-localization of rEhADH with claudin-1 on Caco-2 cells. rEhADH coupled to Alexa 647 (green) was apically added to confluent Caco-2 cells and

incubated for different times, then, cells were fixed and processed for immunofluorescence assays using the α-claudin-1 antibody (red). Nuclei were counterstained

with DAPI (blue) and preparations were analyzed through a confocal microscope at xy- and xz-planes. Arrows: co-localization at cellular borders. Full arrowheads:

co-localization at lateral membrane. Empty arrowheads: localization of EhADH (green) and claudin-1 (red) at cytoplasm. Bar = 20µm.

(Campos et al., 2016). EhADH was also abundantly detected
around nuclei, probably in the endoplasmic reticulum, where
adhesin is being synthesized (Figure 6D). As expected, EhADH
was not present in MDCK-3 cells. These results indicated that
as in trophozoites, EhADH localized at the plasma membrane
and cytoplasm of transfected epithelial cells. Additionally, these
experiments corroborated that EhADH stable expression did not
modify the morphology of MDCK cells.

EhADH Induces Aggregation of Target
Cells
In E. histolytica trophozoites, EhADH is involved in target
cell adherence (García-Rivera et al., 1999; Madriz et al., 2004;
Martinez-Lopez et al., 2004). Therefore, we analyzed whether
EhADH expressed by MDCK cells, evoked its adhesin function
to target cells. For these experiments, transfected epithelial cells
were trypsinysed and incubated in PBS at 37◦C for 4 h, then,
we counted the number of clumps formed and the number of
cells contained in each one. Optical microscopy images clearly
evidenced that MDCK-EhADH cells formed more clumps with
a higher number of cells than MDCK-3 cells that did not
express the adhesin (Figure 7A). For quantification, clumps were
grouped according to the number of contained cells (1–5, 6–
10, 11–20, 21–40, and more than 40 cells) and their frequencies
were determined. Whilst MDCK-3 cells formed 82% of clumps
containing 1–5 cells, only 43% of clumps were constituted by

MDCK-EhADH cells (Figure 7B). In contrast, MDCK-EhADH
and MDCK-3 cells formed 30% and 6% of clumps containing
more than 40 cells, respectively. To confirm the adhesive role of
EhADH in MDCK cells, before aggregation assays, transfected
cells were pre-incubated with the mAbAdh antibody to inhibit
clumps formation. Results showed that the antibody treatment,
reduced the frequency of clumps with a higher number of cells
in MDCK-EhADH, but not in MDCK-3 cells (Figure 7B). In
contrast, an IgM isotype used as control, did not modify clumps
frequency. These results suggested that MDCK-EhADH cells
displayed stronger associations among them than MDCK-3 cells.

In trophozoites, EhADH also participates in erythrocytes
adhesion (Avalos-Padilla et al., 2015; Bolaños et al., 2016).
Thus, we studied whether MDCK-EhADH cells were able to
bind erythrocytes. Transfected MDCK cells were incubated for
different times with red blood cells and adhered erythrocytes
were counted. Surprisingly, both types of transfected MDCK
cells were able to attach erythrocytes (Figure 7C). However,
after 1 and 2 h incubation, MDCK-EhADH cells adhered
twice more erythrocytes than MDCK-3 cells (Figure 7D). To
inhibit erythrocytes adhesion, again, before assays, transfected
cells were pre-incubated with the mAbAdh antibody, resulting
in a decreased number of red blood cells adhered to
MDCK-EhADH, but not to MDCK-3 cells (Figure 7D).
The IgM isotype presented a similar effect than in control
transfected MDCK cells. These experiments showed that

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 8 September 2018 | Volume 8 | Article 340

https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles


Betanzos et al. EhADH Expression in MDCK Cells

FIGURE 5 | Co-localization of rEhADH with clathrin and caveolin-1 on MDCK cells. (A) rEhADH coupled to Alexa 647 (green) was apically added to confluent MDCK

cells and incubated for 5min, then, cells were fixed and processed for immunofluorescence assays using α-clathrin or α-caveolin-1 antibodies (red). Preparations were

analyzed through a confocal microscope at the xy-plane. Insets: magnification of squares (a–h) from merge images. (B) MDCK cells were incubated for 1 h with

DMEM medium (–) or 300mM sucrose (+) at 37◦C and then processed as in (A), but also using the α-occludin antibody (cyan). Inset: magnification of rEhADH and

clathrin co-localization. Arrows: vesicles close to cellular borders. Arrowheads: co-localization. Bar = 20µm.

EhADH preserved its adhesive properties within MDCK-
EhADH cells.

MDCK-EhADH Cells Present an Increased
TEER
Previously, we reported that EhCPADH and EhCP112 affect
the gate function of TJ in epithelial cells (Cuellar et al., 2017;
Hernández-Nava et al., 2017). Therefore, we wondered if EhADH
expression on MDCK cells may alter this function, characterized
by the regulation of ion and macromolecules flux. To evaluate
this, we used transfected epithelial cells cultured in Transwell
filters. MDCK-EHADH cells exhibited approximately twice
higher TEER values compared to MDCK-3 cells (Figure 8A).
To measure the macromolecules flux, the non-ionic dextran
marker coupled to the TRITC-fluorescent dye was added to
the apical side of epithelial monolayers and then, we quantified
the tracer diffusion across the paracellular pathway from the
apical to the basolateral side. MDCK-EhADH and MDCK-
3 cells presented a low dextran permeability, similar to non-
transfected MDCK cells (Figure 8B). As a positive control,
cells were incubated with EDTA that disassembles epithelial
junctions (Deli, 2009). MDCK cells treated with EDTA allowed
the free passage of dextran between intercellular spaces. Our
data showed that EhADH enhanced the electrical tightness of
MDCK monolayers, but it had not impact on macromolecules
permeability.

EhADH Co-localizes and Increases the
Amount of TJ Proteins in MDCK-EhADH
Cells
The above results evidenced that MDCK-EhADH monolayers
have a higher TEER than MDCK-3 cells. TJ functions depend
on the localization and amount of proteins in the intercellular
space. Thus, to analyse the effect of EhADH expression
in the localization of junctional proteins, we performed
immunofluorescence assays using α-claudin-1, α-occludin, α-
ZO-1, α- ZO-2, and α-EhADH antibodies. In contrast to the
results obtained using the rEhADH added to the apical side
of cell monolayers (Figures 2, 3), confocal images showed that
EhADH expression in MDCK cells did not affect the localization
of proteins at TJ region, as it was clearly evidenced at xz-
planes (Figure 9A). However, MDCK-EhADH cells presented
an increase of the fluorescence corresponding to claudin-1,
occludin, ZO-1 and ZO-2 (Figure 9A). As expected, all TJ
proteins studied here co-localized with EhADH at the TJ region
(Figure 9B). These results suggested that the stable presence of
EhADH in transfected cells provoked an increase of claudin-1,
occludin, ZO-1, and ZO-2 at TJ.

To further confirm the increased amount of TJ proteins in
transfected cells, we analyzed their expression by western blot
assays using the corresponding antibodies. Quantification of
western blot results revealed that the amount of claudin-1 and
occludin increased around 2.5 times in MDCK-EhADH cells,
in comparison to MDCK-3 cells (Figure 10). Meanwhile, ZO-1
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FIGURE 6 | Expression of the E. histolytica EhADH protein in MDCK epithelial cells. MDCK cells were transfected with the pcDNA3 (MDCK-3) or pcDNA3-ehadh

(MDCK-EhADH) plasmids and EhADH expression and localization were analyzed. (A) RT-PCR assays of non-transfected (MDCK) or transfected MDCK cells, using

specific primers for ehadh, neo and gapdh (as internal control) genes. As positive control, the pcDNA3-ehadh plasmid was used as template in PCR experiments.

Numbers at right: amplicon size. (B) Western blot experiments of epithelial lysates, employing α-EhADH and α-tubulin (as loading control) antibodies. Trophozoites

lysates were used as positive control. Numbers at right: expected molecular weight of proteins. (C) Growth curves of MDCK cells. After 48 h of plasmid transfection

into cells, growth medium was supplemented with 1 mg/ml G-418, whereas non-transfected cells were grown in normal medium. The number of cells were counted

in a Neubauer haemocytometer. Each point represents the mean and standard error of three independent experiments. (D) Suspension, sparse and confluent

transfected MDCK cells were fixed, permeabilized and processed for immunofluorescence assays using the mAbAdh antibody. Bottom panel: MDCK-EhADH cells

treated only with the secondary antibody (FITC). All images represent xy-optical sections. Empty arrowheads: plasma membrane. Full arrowhead: perinuclear

localization. phc: phase contrast. Bar = 20µm.

and ZO-2 showed a slight increase in MDCK-EhADH cells
without significant differences when compared to MDCK-3 cells.
Actin was used as loading control and all densitometric analysis
were normalized regarding this protein. These results correlated
with the immunofluorescence findings, confirming that EhADH
expression provoked a significant increase of claudin-1 and
occludin, which are mainly responsible for the TJ gate function.

EhADH Expression in MDCK Cells
Facilitates Epithelial Destruction by
Trophozoites
One of the first signs of damage to MDCK cell monolayers
during E. histolytica invasion is TEER dropping. After this,
cells are detached from the substrate and destroyed by the
parasite (Martínez-Palomo et al., 1985). To evaluate the effect of
E. histolytica trophozoites over transfectedMDCK cells, epithelial
cells were grown in Transwell filters until confluence, and
live trophozoites were added in the apical side of monolayers,

then, TEER was monitored during 90min. To compare the
TEER behavior of transfected cells, we normalized each TEER
value regarding the one registered at 0min. Results showed
a stable TEER performance by MDCK-EhADH and MDCK-3
cells non-incubated with parasites (Figure 11A). Meanwhile, a
TEER drop was evident when transfected cells were incubated
with trophozoites. However, TEER values were lower in MDCK-
EhADH than in MDCK-3 cells, from 5 to 30min incubation.
After this time, the effect of trophozoites on TEER seemed
indistinct between MDCK-3 and MDCK-EhADH cells, reaching
a stable behavior from 45 to 90min.

To visualize and determine epithelial destruction by live
trophozoites on transfected MDCK cells, confluent monolayers
were apically incubated with different number of parasites. Live
trophozoites destroyed 33, 65, and 100% (using 50, 100, and
250 × 103 amoebas, respectively) more MDCK-EhADH than
MDCK-3 cells monolayers (Figure 11B). Representatives images
of methylene blue-stained monolayers evidenced the damage
produced by parasites. Surprisingly, trophozoites displayed more
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FIGURE 7 | Adherence properties of MDCK-EhADH cells. (A) Transfected MDCK cells were trypsinysed, incubated with PBS (control), mAbAdh antibody or IgM

isotype for 30min at 37◦C and suspended as hanging drops from the lid of a 24 well culture dish. Four hours after plating, cells in drops were resuspended and

photographed in an optical microscope with 20X phase contrast objective (representative images). (B) Single cells and cellular clusters showed in (A) were counted,

and frequency for each group with similar cell numbers were graphed. Data represent the mean and standard error of five fields quantified from three independent

experiments. (C) Transfected MDCK cells were trypsinysed, incubated with PBS (control), mAbAdh antibody or IgM isotype for 30min at 37◦C, and mixed with

erythrocytes. After 0.5, 1 and 2 h of incubation, erythrocytes were stained with diaminobenzidine and adhered erythrocytes (arrows) to MDCK cells (M) were

photographed. Representative images from 2h incubation are shown. Bar = 10µm. (D) Adhered erythrocytes to each MDCK cell were counted. Values represent the

mean and standard error from three independent experiments by triplicate. Differences found between groups were statistically significant (***p < 0.001), according to

two-ways ANOVA test.

damage on MDCK cells expressing EhADH than MDCK-
3 cells, suggesting that this protein facilitated the epithelial
injury.

In summary, all results of this work suggested that EhADH
altered TJ of the host epithelium, reaching the paracellular
space, being internalized mainly by clathrin-coated vesicles,
delocalizing and increasing TJ proteins, for eventually making
epithelial cells more susceptible to other trophozoite effector
proteins. Nevertheless, this hypothesis should be further
addressed to get in depth on EhADH action mechanisms in this
event.

DISCUSSION

E. histolytica trophozoites use several molecules to invade the
host epithelium. Among them, our group has been investigating
the participation of the EhCPADH complex in the breaking

of intercellular junctions. We have found that EhCPADH
and also EhCP112 reach the paracellular pathway by opening
intercellular junctions and eventually, both proteins penetrate
epithelial cells. The damage begins by affecting proteins and
functions of TJ, and then, it continues degrading AJ and DSM
proteins (Betanzos et al., 2013; Cuellar et al., 2017; Hernández-
Nava et al., 2017). Nevertheless, the EhADH contribution to
epithelium impairment during trophozoite invasion, had not
been yet elucidated. In this work, by using a recombinant
protein we revealed that EhADH gets first into the intercellular
space, and next, it enters into the epithelial cells mainly by
clathrin-coated vesicles. To analyse the effect of EhADH inside
host cells, we generated MDCK cells stably expressing this
adhesin. The EhADH expression produced more adhesiveness
to target cells and an enhanced TEER due to a higher amount
of claudin-1 and occludin. Interestingly, the EhADH expression
in MDCK cells facilitated the epithelial damage produced by
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FIGURE 8 | Permeability of MDCK-EhADH cells. (A) Non-transfected and transfected MDCK cells were seeded in Transwell filters and when they reached confluence,

TEER was monitored. Background resistance from empty filters was deducted for each value. (B) Non-transfected and transfected MDCK cells were seeded in

Transwell filters and when they reached confluence, the paracellular flux of 4 kDa TRITC-dextran was measured from the apical to the basolateral direction. MDCK

cells treated with 5mM EDTA were used as positive control. Data represent the mean and standard error from three independent experiments by triplicate.

***p < 0.001, according to two-tailed Student t-test.

live trophozoites, suggesting a putative role for EhADH in
synergizing the effect of other E. histolyticamolecules during host
invasion.

EhCPADH and its components are secreted to the medium
(García-Rivera et al., 1999; Ocádiz et al., 2005; Bolaños et al.,
2016), and together with other parasite molecules (Lejeune et al.,
2011; Cornick et al., 2016) constitute an efficient mechanism to
reach and effectively damage the host epithelium. We previously
demonstrated that the EhCPADH complex drops TEER and
interacts with claudin-1 and occludin, to eventually degrade them
along with ZO-1 and ZO-2 (Betanzos et al., 2013). Besides, we
evaluated the participation of EhCP112, the proteolytic part of
this complex, by producing a recombinant enzyme (rEhCP112)
which reaches the apical side of epithelium and then invade it
through intercellular junctions (Cuellar et al., 2017; Hernández-
Nava et al., 2017). Here, we investigated if the other part of
the EhCPADH complex, the EhADH adhesin, also extended
into the paracellular pathway, by using a recombinant protein
(rEhADH, Figure 1) and characterizing its effect on epithelial
cells. When rEhADH was added to the apical side of MDCK
cells, it was at cellular borders co-localizing with occludin and
claudin-1 at TJ, and eventually penetrated the cell (Figures 2, 3).
These findings were consistent to that observed in Caco-2 cells
(Figure 4), which have been used in other works for resembling
the E. histolytica natural colonization site in host (Li et al., 1994;
Ralston et al., 2014). Here, we preferred the MDCK cells model
because this cell line is a friendly and easy system to study
molecules and functions of TJ, and also to stably and efficiently
transfect heterologous genes (Cereijido et al., 1978; Furuse et al.,
2001; Dukes et al., 2011). In addition, they have been widely
used as a model to characterize trophozoites damage and TEER
dropping during epithelial invasion (Martínez-Palomo et al.,
1985; Dolabella et al., 2012; Betanzos et al., 2013; Hernández-
Nava et al., 2017).

To investigate the EhADH internalization mechanism, we
followed this adhesin together with clathrin and caveolin-1,
resulting in a higher co-localization with clathrin than with
caveolin-1 (Figure 5A). The rEhADH endocytosis mediated
by clathrin-coated vesicles was confirmed by using sucrose
as an inhibitor (Mosso et al., 2008), which diminished these
vesicles and rEhADH internalization, thus preventing occludin
delocalization from the membrane (Figure 5B). The endocytosis
mechanism mediated by clathrin-coated vesicles has been
observed for other pathogens adhesins, such as AfaD of
diarrhea-associated E. coli strains or HadA of Haemophilus
influenzae (Jouve et al., 1997; Serruto et al., 2009). Moreover,
similarly to EhADH, EhCP112 is transported by clathrin-coated
vesicles, although this enzyme is also internalized by caveolae
(Hernández-Nava et al., 2017).

In order to analyse the role of EhADH inside epithelial cells
and also to eliminate the noise coming from other amoebic
proteins that produce host cell damage, we performed the
heterologous expression of this adhesin by transfecting MDCK
cells with the pcDNA3-ehadh construct. MDCK-EhADH cells
efficiently expressed the ehadh transcript and the corresponding
protein with the expected 75 kDa molecular weight, maintaining
a similar growing rate than control cells (Figures 6A–C). As well
as in trophozoites (García-Rivera et al., 1999; Avalos-Padilla et al.,
2015), EhADH was localized in cytoplasmic vesicles and at the
plasma membrane of epithelial cells (Figure 6D).

EhADH possesses adhesive properties, facilitating
trophozoites adhesion to target cells (García-Rivera et al.,
1999; Bañuelos et al., 2012). Here, we demonstrated that MDCK-
EhADH cells aggregated more among them, and adhered
more erythrocytes than control cells (Figure 7). The observed
adhesive features were specific, since the mAbAdh antibody
directed against EhADH inhibited them (Figure 7). Our findings
suggested that MDCK-EhADH cells acquired the adhesive
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FIGURE 9 | Effect of EhADH expression on TJ proteins localization. (A) Confluent transfected MDCK cells were fixed, permeabilized and stained with α-claudin-1,

α-occludin, α-ZO-1 or α-ZO-2 antibodies, followed by the corresponding TRITC-secondary antibodies. Nuclei were counterstained with DAPI (blue). (B)

MDCK-EhADH cells were stained with α-claudin-1, α-occludin, α-ZO-1 or α-ZO-2 (red) and α-EhADH (green) antibodies, followed by the corresponding TRITC- and

FITC-secondary antibodies, respectively. Arrows: co-localization at the plasma membrane. Arrowheads: co-localization at the TJ region. Representative images of xy-

and xz-optical planes observed by confocal microscopy. Bar = 20µm.

properties displayed by this trophozoite protein. A similar effect
was also reported for the H. influenzae HadA adhesin during its
heterologous expression in a non-invasive E. coli strain, which
gained properties for aggregation and adherence to human
epithelial cells and to extracellular matrix proteins (collagens
I and III, fibronectin and laminin) (Serruto et al., 2009). On
the other hand, it was not surprising that MDCK cells adhered
erythrocytes, since epithelial cells are similar to erythroid cells
and both contain similar membrane-cytoskeletal components
(Bennett and Lorenzo, 2013). In addition, both cell types contain
ankyrin and fodrin, involved in lateral membrane association
upon cell-cell contact induction (Glenney and Glenney, 1983;
Bennett and Lorenzo, 2013).

The increased adhesiveness among MDCK-EhADH cells and
the presence of EhADH at cellular borders, affected the TJ
gate function evidenced as an augment of TEER (Figure 8).
In agreement, macromolecules flux by the paracellular pathway
remained low. Other amoeba as Acanthamoeba also produced
a high TEER in MDCK cells, probably because claudin-4 was

increased and re-targeted to TJ, while claudin-2 diminished
and was removed from the cellular borders (Flores-Maldonado
et al., 2017). TEER is a measurement of ions flux through
the paracellular pathway, and this flux is mainly regulated
by claudins in different fashions; for example, claudin-4
promotes a barrier function by forming an ion channel, whereas
claudin-2, constitutively expressed in the most leaky-epithelia,
makes paracellular cation and water channels (Barmeyer
et al., 2017). Therefore, we evaluated the localization and
expression of TJ integral (claudin-1 and occludin) and scaffold
(ZO-1 and ZO-2) proteins. According to TEER results, by
immunofluorescence and western blot assays in MDCK-
EhADH cells we observed an increase of the analyszd
proteins at cellular borders, co-localizing with EhADH at
the TJ region (Figure 9), although the augment was only
significant for claudin-1 and occludin (Figure 10), molecules
responsible for the gate function (Liang and Weber, 2014).
Thereby, the delicate nature of the molecular composition
of junctions and their balance, could be influencing the
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FIGURE 10 | Effect of EhADH expression on the amount of TJ proteins. (A) Total extracts of confluent transfected MDCK cells were separated on SDS-PAGE,

transferred to nitrocellulose membranes and blotted with α-claudin-1, α-occludin, α-ZO-1 or α-ZO-2 antibodies (upper panels). Lower panels: as loading controls,

same membranes were stripped and blotted with the α-actin antibody (representative images). (B) The specific amount of TJ proteins was obtained as the ratio of TJ

proteins between actin densitometric evaluations from (A). Data represent the mean values and standard error from three independent experiments. *p < 0.05,

according to two-tailed Student t-test.

FIGURE 11 | Effect of trophozoites on MDCK cells expressing EhADH. (A) Transfected MDCK cells were seeded in Transwell filters and when they reached

confluence, trophozoites (105/cm2) were apically added. TEER was monitored for 2 h and data were normalized according to the initial value given by each Transwell.

Means and standard errors represent each time point from three independent assays performed by triplicate. **p < 0.01 and ***p < 0.001, according to two-tailed

Student t-test. (B) Transfected confluent MDCK cells were incubated with 0, 50, 100, and 250 × 103 live trophozoites. Monolayers cell destruction was determined

after 2 h incubation by methylene blue staining. Then, dye was eluted and quantified by spectrophotometry. Data represent the mean and standard error of three

independent experiments by triplicate statistically analyzed by two-tailed Student t-test. *p < 0.05, **p < 0.01. Representative images of monolayers destruction are

showed below the graph.
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epithelium susceptibility for alterations due to pathogens and
their molecules.

The effect produced by EhADH inside epithelial cells could be
explained by its scaffold properties, characteristic of ALIX family
protein members (Bissig and Gruenberg, 2014). TJ peripheral
scaffold proteins link transmembrane and functional barrier
proteins to the actomyosin-ring (Liang andWeber, 2014). In fact,
in immortalized rat choroid plexus cells, Alix protein guarantees
the proper assembly and actomyosin-ring positioning at the
TJ region by interacting with F-actin, Par-3 and ZO-1, thus
contributing to the maintenance of epithelial cell polarity and
barrier function (Campos et al., 2016). Otherwise, from previous
experiments, we demonstrated that an EhADH recombinant
protein including the adherence epitope, interacts with a 97 kDa
membrane protein of MDCK cells (Martinez-Lopez et al., 2004).
We hypothesized this protein could correspond to a claudin-1
tetramer, since claudins are capable to form oligomers, which
are responsible for junction selectivity (Coyne et al., 2003).
Furthermore, EhCPADH binds to claudin-1, occludin, ZO-1 and
ZO-2 inMDCK cells (Betanzos et al., 2013). Thus, our findings in
this work suggested that EhADH could be acting as a peripheral
scaffolding protein to reinforce the attachment of claudin-1
and occludin to the TJ region, probably tightening cell-cell
contacts. This assumption can be reinforced by the fact that other
amoeba proteins also act as intercellular junction molecules.
Dictyostelium discoideum amoeba contains an adhesion molecule
named Aardvark, which is similar to the AJ scaffold protein
β-catenin, suggesting the presence of a rudimentary cell-cell
adhesion during the formation of the fruiting body that develops
in colonies deprived of nutrients (Grimson et al., 2000). Even
more, E. histolytica expresses an occludin-like protein that can
alter the colonic epithelial barrier (Goplen et al., 2013).

Interestingly, MDCK-EhADH cells incubated with live
trophozoites were more susceptible to parasites damage,
according to TEER and cytopathic experiments (Figure 11).
Although, these cells developed higher TEER values than control
cells, trophozoites dropped TEER in MDCK-EhADH cells more
than in MDCK-3 cells (from 5 to 30min amoeba incubation);
in accordance, parasites caused more damage on monolayers
expressing EhADH. In trophozoites, it has been reported that
EhADH binds to diverse molecules such as EhCP112, EhVps32,
EhNPC1, EhNPC2, LBPA and cholesterol (Avalos-Padilla et al.,
2015; Bolaños et al., 2016; Castellanos-Castro et al., 2016; Cuellar
et al., 2017), thus participating in distinct virulence events.
Therefore, in MDCK-EhADH cells, we hypothesized that this
adhesin could be modulating or associating to these molecules
or others, to facilitate their participation on epithelial damage.
Identity of these putative molecules and related mechanisms
should be further investigated.

Summarizing our findings from previous reports and those
obtained in this paper, we demonstrated that EhCPADH and its
components by separate, could reach the intercellular space and
affect the epithelial barrier function. In the case of EhADH, when
it is secreted by trophozoites to the medium, extends toward the
paracellular pathway and later, after its internalization, modulates
the expression and localization of claudin-1 and occludin. Once
inside, EhADH could prepare host cells for the action of other
virulence factors, making the epithelium more susceptible to the
trophozoite attack.
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Figure S1 | Co-localization of rEhADH with claudin-1 on sparse MDCK cells.

rEhADH coupled to Alexa 647 (green) was apically added to sparse MDCK cells

and incubated for different times, then, cells were fixed and processed for

immunofluorescence assays using the α-claudin-1 antibody (red). Nuclei were

counterstained with DAPI (blue) and preparations were analyzed through a

confocal microscope at xy- and zy-planes. Arrows: co-localization at cellular

borders. Full arrowheads: co-localization at lateral membrane. Empty arrowheads:

localization of EhADH (green) and claudin-1 (red) at cytoplasm. Bar = 20µm.

Figure S2 | rEhADH localization in MDCK cells where clathrin-transport was

inhibited. MDCK cells were incubated for 1 h with DMEM medium (–) or 300mM

sucrose (+) at 37◦C and then rEhADH coupled to Alexa 647 (green) was apically

added for 1min. Preparations were analyzed through a confocal microscope at

xy- and xz-planes. Arrows: rEhADH localization. Bar = 20µm.
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