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Abstract

Although cellular signaling pathways that affect lentivirus infection have been investigated, the role of cell-cell interactions
in lentiviral gene delivery remains elusive. In the course of our studies we observed that lentiviral gene transfer was a strong
function of the position of epithelial cells within colonies. While peripheral cells were transduced efficiently, cells in the
center of colonies were resistant to gene transfer. In addition, gene delivery was enhanced significantly under culture
conditions that disrupted adherens junctions (AJ) but decreased upon AJ formation. In agreement, gene knockdown and
gain-of-function approaches showed that a-catenin, a key component of the AJ complex prevented lentivirus gene transfer.
Using a doxycycline regulatable system we showed that expression of dominant negative E-cadherin enhanced gene
transfer in a dose-dependent manner. In addition, dissolution of AJ by doxycycline increased entry of lentiviral particles into
the cell cytoplasm in a dose-dependent manner. Taken together our results demonstrate that AJ formation renders cells
non-permissive to lentiviral gene transfer and may facilitate development of simple means to enhance gene delivery or
combat virus infection.
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Introduction

Recombinant lentivirus (LV) gained impetus in recent years as
gene delivery vehicle due to its ability to transduce non-dividing
cells and yield long-term gene expression with stable integration
into the host genome. Pseudotyping with VSV-G (vesicular
stomatitis virus glycoprotein) has further endowed broad tropism
to LV enabling efficient gene transfer or gene knockdown
strategies, development of transgenic models and more recently,
generation of induced pluripotent stem cells [1-6]. VSV-G
pseudotyped LVs are known to enter via clathrin mediated
endocytosis while their interaction with target cells is attributed to
charge based adsorption [7,8]. Recently we implicated JNK
signaling in LV entry where use of either chemical inhibitors or
shRNA based JNK knockdown resulted in significant down-
regulation of gene transfer efficiency [9]. Our previous work also
showed that JNK played a crucial role in adherens junctions (A])
formation by phosphorylating B-catenin and by controlling o-
catenin binding to the AJ complex [10,11]. Our findings
implicating JNK in controlling AJ formation and in mediating
LV entry prompted us to hypothesize that AJ formation/
dissolution may affect LV transduction.

Epidermal AJ complexes consist of several proteins including o,
B, v, p120 catenins and transmembrane protein E-cadherin. AJ
are formed by the intercellular homotypic interactions of
junctional complexes via calcium binding extracellular, EC1
domain of E-cadherin. They play an important role in a number
of cellular processes including proliferation, polarity, differentia-
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tion, inflammation, and cancer cell metastasis [12-19]. They have
also been shown to interact with foreign pathogens such as
bacteria, fungi and viruses, usually hindering their entry into cells
and tissues [20-24]. In this context, entry of infectious viruses such
as herpes simplex viruses (HSV) and pseudorabies virus (PRV) has
been shown to increase under conditions that disrupt AJ and
liberate E-cadherin associated virus receptors such as Nectin-1
[25]. Tight junctions (IJs) and AJ are also known to partner with
the entry receptors (i.e. CAR receptors) for coxsackie B virus and
adenovirus [26]. Others reported that primary ovarian cancer cells
were more susceptible to infection by oncolytic adenovirus while
undergoing epithelial-to-mesenchymal transition, a process that is
accompanied by AJ dissolution [27]. On other hand, some viruses
have evolved to disrupt intercellular adhesion. For example,
rhinovirus infection was shown to disrupt AJ/T]Js and abrogate the
barrier function of nasal epithelium by impairing gene expression
of junctional proteins [28]. Kaposi Sarcoma associated herpes
virus (KSHV) is also known to degrade VE-Cadherin thereby
increasing permeability of endothelial monolayers [29]. At high
multiplicity of infection (MOI) lentivirus was shown to disrupt T]Js
of polarized airway epithelium, consequently decreasing trans-
epithelial resistance (TER) [30]. Whether AJ play a similar critical
role in mediating entry of non-replicating, recombinant lentivirus
into non-polarized epithelial cells such as epidermal cells is yet to
be established.

To this end, we employed chemical and genetic approaches
(shRNA and dominant negative) to determine whether AJ affect
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lentivirus gene transfer. We found that the likelihood of gene
transfer depended on the position of epithelial cells in a colony,
being high in the periphery and low at the center of each colony.
Gene transfer decreased significantly under conditions that
favored AJ formation, and increased under conditions that
induced AJ disruption or in the absence of junctional proteins
that are required for a functional AJ complex. Using a doxycycline
regulatable dominant negative E-cadherin expression system we
demonstrated that gene transfer depended on the extent of AJ
formation between epithelial cells. We also showed that A]J
formation hindered gene delivery by preventing LV entry into
target cells. Our results shed light into the role of AJ in LV-cell
interactions and may have wider implications in gene therapy or
development of strategies to combat viral infection.

Materials and Methods

Cell Culture

Human primary keratinocytes (hKCs) were isolated from
neonatal foreskins as described before [31]. They were cultured
and passaged routinely in keratinocyte-serum free medium
supplemented with EGF and bovine pituitary extract (GIBCO
Epilife Medium with 60 uM calcium, Life Technologies Corpo-
ration, Grand Island, NY). A431, ME180 and HEK 293T cells
were cultured and passaged routinely in DMEM supplemented
with 10% fetal bovine serum.

Lentiviral Vectors for Gene Silencing and Over-expression

For gene silencing of o-E-Catenin, the shRNA sequence
targeting a-E-Catenin: 5'-GGACCTGCTTTCGGAGTACAT-
3’, which has been employed in our previous study, [10] was
subcloned into the second-generation lentiviral vector pLVITHM
(Addgene plasmid 12247; Addgene, Cambridge, MA). The
resulting vector was further modified to replace the EGFP with
the puromycin phosphotransferase selection gene to generate
pLVTHM-sh-o-cat-Puro.

For E-Cadherin dominant negative (ECAD_DN) over-expres-
sion, a truncated form of E-Cadherin lacking the extracellular
domain was PCR amplified with primers containing an additional
N-terminal plasma membrane targeting sequence as described
previously [32]. The PCR product was substituted for the EGFP in
the lentiviral vector pCS-CG (Addgene plasmid 12154) using the
Nhel and Agel sites to generate the pCSC-ECAD_DN vector.

Forward primer:

5'-CCTGCGCTAGCATGGGCAGCAGCAAGAG-
CAAGCCCAAGGACCCCAGCCAGAGA TTTCTTCGGAG-
GAGAGCGGTGGTCAA-3".

Reverse primer:

5"-ACTTAACCGGTC-
TAGTCGTCCTCGCCGCCTCCGTA-3'".

Additionally, an IRES-Puromycin resistance fragment was
inserted downstream of the ECAD_DN to generate the pCSC-
ECAD_DN-IRES-Puro vector that was used for selection in
mammalian cells. ECAD_DN was also subcloned into the
pTRIPZ vector (Clontech, Mountain View, CA) between the
Mlul and Agel restriction sites for doxycycline (Dox)-controlled
expression generating the pTripZ-ECAD_DN vector.

To visualize actin fibers, the EGFP in pCS-CG was first
replaced with a RFP variant DsRED Express2 (DRE2) to generate
pCSC-DRE2. Subsequently the F-actin targeting sequence “Life-
act” [33] was fused to the N-terminal of DRE2 to generate the
pCSC-lifeact-DRE2 vector. For expression of a-catenin/ DRE2
fusion protein, wild type o-catenin was cloned downstream of
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DRE2 in pCSC-DRE2 to generate the pCSC-a-catenin/ DRE2
fusion vector.

Lentivirus Production and Transduction

For production of second-generation lentivirus, 293T/17 cells
(ATCC, Manassas,VA) were transiently co-transfected with three
plasmids using the standard calcium phosphate precipitation
method [34]. Briefly, the following plasmids were mixed: 30 pg
self-inactivating lentiviral vector pCS-CZsG encoding for ZsGreen
driven by the CMV promoter (ZsGreen replaced EGFP in pCS-
CG; Addgene plasmid 12154), 10 ug of envelope glycoprotein
VSV-G encoding vector pMD2.G (Addgene plasmid 12259) and
25 ug of virus packaging plasmid psPAX2 (Addgene plasmid
12260). Upon calcium phosphate precipitation, this plasmid
mixture was added to cells that had reached 70-80% confluence
in T-150 flasks. After 20 hr transfection, the medium was replaced
with fresh medium containing 5 mM sodium butyrate and viral
supernatant was harvested 24 hr later. Virus supernatant was
filtered using a 0.45 pm filter (Millipore, Bedford, MA) to remove
cells debris and then concentrated by ultracentrifugation
(50,000 xg at 4°C for 2 hr). Finally, the virus was resuspended in
keratinocyte-serum free medium and stored at —80°C. The same
procedure was followed to produce lentiviruses for gene silencing
or gene overexpression using the corresponding vectors described
above instead of pCS-CZsG: pLVTHM-sh-a-cat, pCSC-
ECAD_DN-IRES-Puro, pTripZ-ECAD_DN, pCSC-a-catenin/
DRE2 fusion and pCSC-lifeact-DRE2.

For transduction, cells were plated in 48-well plates (1x10*
cells/cm?). One or two days later, purified lentivirus with 8 pg/ml
polybrene was added to the cells for the indicated times. The virus
was removed, the cells were washed twice with PBS and fresh
medium was added. Gene transfer efficiency was measured as the
fraction of ZsGreen+ cells using flow cytometry (BD FACSCali-
bur, BD, Franklin Lakes, NJ) and non-transduced cells served as
negative control.

Cell Lines

hKC-DRE2-actin was constructed by transducing hKCs with
the lentiviral vector pCSC-lifeact-DRE2. These cells expressed a
fusion protein of DRE2 with a 17 amino acid peptide that
interacted with F-actin and was originally designed to follow actin
dynamic in live cells [33]. Alpha-E-catenin deficient hKCs (hKC-
sh-a-cat) or A431 cells (A431-sh-o-cat) were generated by
transduction with the lentiviral vector pLVTHM-sh-o-cat. Fol-
lowing transduction, cells were selected in culture medium with
1 ug/ml puromycin for 6 days. Thereafter, cells were maintained
in their corresponding medium without puromycin. Control, non-
transduced cells did not survive beyond 3 days of exposure to
puromycin. hKCs or A431 cells expressing dominant negative E-
cadherin (hKC-ECAD_DN or A431-ECAD_DN) were generated
by transduction with the lentiviral vector pCSC-ECAD_DN-
IRES-Puro. Afterwards, cells were selected in culture medium with
1 ug/ml puromycin for 6 days. Similarly doxycycline (Dox)-
regulatable ECAD_DN expressing hKCs or A431 cells were
generated using the lentiviral vector pTripZ-ECAD_DN. Finally,
ME180 overexpressing alpha-catenin/DRE2 fusion protein
(ME180 o-cat) was generated as described in our earlier work
[9]. Briefly ME180 was transduced with a lentivirus encoding for
a-catenin/DRE2 fusion protein under the CMV promoter. The
top 15% DRE2 expressing cells were sorted by flow cytometry and
expanded before use in experiments.
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Immunofluorescence

Immunofluorescence was performed as described previously
[11]. Briefly, cells were seeded on micro cover glass or 8-chamber
glass slides in their respective media or experimental conditions.
The cells were fixed with 4% paraformaldehyde for 10 min at 4°C,
blocked and permeabilized with PBS containing 5% goat serum
and 0.3% TritonX-100 for 1 hr at room temperature. The
samples were incubated at 4°C overnight with primary antibodies
in PBS, followed by secondary antibodies, Phalloidin and Hoechst
the next day. The following antibodies and labeling agents were
used: rabbit monoclonal anti-E-Cadherin (1:200 in PBS; Clone
24E10, Cell Signaling #3195, Danvers, MA); mouse monoclonal
anti-B-catenin (1:200 in PBS; BD Biosciences #610153, San Jose,
CA); secondary antibodies Alexa Fluor® 488/594 goat anti-
rabbit/mouse (1:400 in PBS with 5% goat serum; Life Technol-
ogies), Alexa Fluor® 488/594 Phalloidin for actin labeling (1:50 in
PBS; Life Technologies), and Hoechst 33342 for nuclear staining
(Life Technologies). Cells were imaged with a Zeiss AxioObser-
ver.Z1 (Carl Zeiss Microlmaging, Thornwood, NY) inverted
fluorescence microscope equipped with an ORCA-ER CCD
digital camera (Hammamatsu, Bridgewater, NJ).

Western Blot Analysis of Internalized Viral Capsid Protein
p24

Cells were washed once with cold PBS, trypsinized, centrifuged
and washed with PBS to get rid of surface bound viral particles.
The cell pellet was then lysed with lysis buffer (Cell Signaling)
supplemented with dithiothreitol (DTT) and a cocktail of protease
mbhibitors (Roche Diagnostics, Mannheim, Germany). The lysates
were then heated at 95°C for 5 min followed by centrifugation at
21,000 xg for 5 min at 4°C. Proteins in the lysates were separated
by SDS-PAGE at 200 V for 40 min (Mini-protean 3 system;
BioRad Laboratories, Hercules, CA). Subsequently, protein
samples were transferred to nitrocellulose membrane for 1 hr at
350 mA using an electrophoretic transfer cell (Mini Trans-Blot;
Bio-Rad).

Membranes were blocked with blocking buffer containing 5%
(wt/vol) nonfat dry milk in TBS-Tween (TBS-T: 20 mM Tris-
HCL, pH 7.2-7.4, 150 mM NaCl, 0.1% vol/vol Tween 20) on a
rocker platform for 1 hr at room temperature followed by
overnight incubation with mouse anti-p24 (1:1,000 in 5% nonfat
dry milk; NIH AIDS Research and Reference Reagent Program,
Germantown, MD) at 4°C. The following day, the membranes
were incubated with horseradish peroxidase (HRP)-conjugated
anti-mouse (1:5,000 dilution in 5% nonfat dry milk, 1 hr at room
temperature; Cell Signaling Technology) after being washed three
times for removal of unbound primary antibody. The protein
bands were detected using chemiluminescence (LumiGLO; KPL,
Gaithersburg, MD) as per manufacturer’s instructions and
exposed to KODAK film. Images were analyzed using Image ]
software (version 1.47, National Institute of Health, Bethesda,
MD).

Western blotting for detecting o-catenin or dominant-negative
E-Cadherin was performed similarly with cell lysates obtained
from tissue culture plates. The following antibodies were used:
rabbit monoclonal anti-E-Cadherin (1:2,000 in TBS-T Buffer with
5%BSA; Clone 24E10, Cell Signaling#3195), mouse monoclonal
anti-B-catenin  (1:2,000 in TBS-T Buffer with 5%BSA; BD
Biosciences #610153, San Jose, CA).

Statistical Analysis
Statistical analysis was performed using the statistical analysis
tool in Microsoft Excel software. Values are means * SE.
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Significant differences between treatment groups were determined
by Student’s t-fest (paired, two-tailed). Values of P=0.05 were
accepted as significant.

Results

Lentivirus Preferentially Transduced Cells in the Periphery
of Epithelial Colonies

We examined whether formation of epithelial colonies through
cell-cell adhesion affected lentivirus (V) mediated gene delivery.
Primary human keratinocytes (hKCs) were cultured on collagen
pre-coated circular patterns in serum free medium containing high
(1.0 mM) or low (0.06 mM) calcium (Ca®") concentration, in order
to promote or inhibit formation of Ca®'-dependent adherens
junctions (AJ), respectively (shown by E-Cadherin localization in
Fig. 1A). To facilitate visualization of the transduced cells in
epithelial colonies using fluorescence microscopy, we employed
hKCs expressing a fusion protein of DsRed Express2 (DRE2) with
Lifeact (hKC-DRE2-actin), a 17 AA peptide that binds to F-actin
and was shown to efficiently track actin dynamics without
interfering with cytoskeletal function [33]. Colonies of hKC-
DRE2-actin cells were transduced with ZsGreen encoding LV for
2 hr and two days later ZsGreen+ cells were visualized by
fluorescence microscopy. Interestingly, under high Ca®" medium
cells were transduced preferentially in the periphery of each
colony, while under low Ca*" concentration, ZsGreen+ cells
appeared uniformly distributed throughout the colonies (Fig. 1B).

LV Transduction is Significantly Decreased at High
Calcium Concentration

In order to quantify the effects of Ca®" concentration on LV-
mediated gene transfer, we transduced hKC and human vulva
epidermoid carcinoma cells (A431), under low or high Ca*"
concentrations and the transduction efficiency (% ZsGreen+ cells)
was measured by flow cytometry. For the carcinoma cell line
A431, 42% cells were transduced in low Ca** medium as
compared to only 14% under high Ca®" concentration. The
difference was even more pronounced for hKC, where the
transduction efficiency decreased by about 20-fold from ~42% at
low to less than 2% under high Ca®*concentration (Fig. 1C).

ROCK Inhibition Compromised AJ and Increased LV Gene
Transfer

Since ROCK has been implicated in intercellular adhesion and
the ROCK inhibitor, Y27632 was previously shown to disrupt AJ
[35], we examined the effect of Y27632 on AJ formation and gene
transfer. Indeed, E-Cadherin immunostaining showed that treat-
ment with Y27632 (10 uM) had a dramatic effect on AJ, which
appeared disrupted and punctated (Fig. 2A). This change in
morphology was accompanied by a dose-dependent increase in
transduction efficiency, which was ~2.5 times higher at the
highest Y27632 concentration (80 uM) (Fig. 2B). Collectively,
these results suggested that formation of AJ had a significant effect
on lentiviral gene transfer.

AJ Formation Determines the Level of LV Gene Transfer

The results prompted us to hypothesize that formation of AF inhibits
LV gene trangfer. To address this hypothesis we took a multi-prong
approach that involves knockdown and gain-of-function approach-
es for key components of the AJ complex such as a-catenin and E-
cadherin. It is well known that o-catenin was necessary for AJ
formation in epidermal cells [10,36]. Indeed, ME180 human
cervical squamous cell carcinoma cells inherently lack the o-
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Figure 1. Calcium induces AJ formation and prevents LV transduction. (A) Human primary keratinocytes (hKCs) cultured on collagen-coated
circular patterns in high (1 mM) and low (0.06 mM) Ca?* containing medium were immunostained for E-cadherin (red) and the nuclei were
counterstained with Hoechst (blue). Scale bar=50 um. (B) hKCs expressing DRE2-lifeact (hKC-DRE2-actin) were cultured on collagen-coated circular
patterns in high (1 mM) and low (0.06 mM) Ca%t containing medium and transduced with ZsGreen encoding lentivirus. Edges of circular patterns
marked by dotted white lines. Scale bar =500 um. (C) hKCs and A431 cells were cultured in high (1 mM) and low (0.06 mM) Ca2+containing medium
and transduced with ZsGreen encoding lentivirus. The percentage of transduced cells was measured by flow cytometry 3 days post transduction. All
values represent the mean = SD of triplicate samples in a representative experiment (n=3). The asterisks (¥) denote p<<0.05 between low and high

Ca®" medium.
doi:10.1371/journal.pone.0079265.9001

catenin gene and thereby they cannot form AJ, even under high
Ca?" conditions. However, upon introduction of the o-catenin/
DRE2? fusion protein in these cells (ME180-0-cat) regained the
capacity to form AJ as shown by co-localization of E-Cadherin
with a-catenin/DRE2 at the cell-cell junction sites (Fig. 3A).
Interestingly, introduction of o-catenin/DRE2 fusion protein
(Fig. S1A) decreased the gene transfer efficiency by more than
40% only under high Ca®* conditions. In contrast, gene transfer to
control ME180 cells lacking o-catenin was independent of Ca**
concentration (Fig. 3C).
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In addition to gain-of-function, we also employed a knock down
approach to examine the role of o-catenin in LV gene transfer.
Specifically, knocking down o-catenin in A431 cells using shRNA
(Fig. S1B) abolished AJ formation (Fig. 3B) and increased gene
transfer by almost 5-fold (Fig. 3C) in comparison to wild type
cells.

Interestingly, loss of a-catenin rendered AJ dissolution and LV
transduction independent of Ca”" concentration. Specifically, at
low Ca** concentration (0.06 mM) E-cadherin localized in the
cytoplasm of control hKCs and A431 cells; at 0.2 mM Ca®" E-
cadherin junctions appeared weak and discontinuous; while at
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Figure 2. ROCK inhibition disrupts AJ and increases gene transfer. (A) hKCs cultured in high Ca®" (1 mM) medium were treated with ROCK
inhibitor Y27632 (40 uM) for 1 hr and stained for E-cadherin (red). The nuclei were counterstained with Hoechst (blue). Scale bar=20 um. (B) hKCs
were cultured in high (1 mM) Ca®* medium, treated with increasing concentrations of Y27632 (0-80 uM) for 30 min and transduced with ZsGreen
encoding lentivirus for 2 hr. The percentage of transduced cells was measured by flow cytometry 3 days post transduction. All values represent the
mean * SD of triplicate samples in a representative experiment (n=3). The asterisks (¥*) denote p<<0.05 between the control (no Y27632) and the

indicated Y27632 concentrations.
doi:10.1371/journal.pone.0079265.g002

Ca*" concentration of 0.5 mM or higher E-cadherin appeared
dense and continuous along the cell-cell contact sites (Fig. 4A).
Accordingly, the transduction efficiency decreased significantly as
a function of Ca®" concentration for both hKCs and A431 cells
(Fig. 4C).

On the other hand, knocking down oi-catenin in hKCs (hKC-
sh-a-cat) or A431 cells (A431-sh-o-cat) resulted in loss of AJ even
at high Ca®" concentration (1.8 mM) (Fig. 4B). Accordingly, LV
gene transfer remained high and independent of Ca®* concentra-
tion for both hKC-sh-o-cat and A431-sh-o-cat cells (Fig. 4C).
Taken together, the gain-of-function and gene knock down
approaches suggested that LV gene transfer to epithelial cells
depended on AJ formation.

Dominant Negative E-cadherin Reduced AJ and
Increased LV Gene Transfer

To further explore the role of AJ in LV infection we
overexpressed a dominant negative version of E-cadherin
(ECAD_DN), which lacks the extracellular domain necessary for
calcium mediated homotypic dimerization. Immunoprecipitation
with anti f-catenin antibody showed that B-catenin predominantly
bound to the dominant negative ECAD_DN (~19 kDa) - instead
of the full length E-cadherin (~135 kDa) — possibly due to higher
ECAD_DN concentration (Fig. S1D). Similar to o-catenin
knockdown, the ECAD_DN expressing hKCs or A431 cells were
unable to form AJ at any Ca”" concentration (Fig. 5A). In
agreement with the results using sh-a-cat cells, both ECAD_DN
expressing hKCs and A431 cells exhibited significantly increased
transduction efficiency, independent of Ca®' concentration
(Fig. 5B). In addition, gene transfer to hKC colonies under high
Ca?" was limited to cells at the colony periphery. However,
expression of ECAD_DN resulted in AJ-free colonies and
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transduced cells were uniformly distributed throughout the colony
(Fig. 5C, D), reminiscent of colonies grown under low Ca®"
concentration.

LV Gene Transfer and Entry Depend on the Extent of Cell-

cell Adhesion

Based on these results we hypothesized that LV gene transfer may
depend on the extent of cell-cell adhesion. To address this hypothesis, we
expressed ECAD_DN through a doxycycline (Dox) regulatable
expression vector (pIripZ-ECAD_DN) that was able to control
the extent of ECAD_DN expression by varying the Dox
concentration (Fig. S1C). As control, cells were transduced with
the empty vector, TripZ. After overnight treatment with Dox in
the presence of high Ca®", control cells treated with Dox (0 to
1 ug/ml) or TripZ-ECAD_DN expressing cells in the absence of
Dox formed tight colonies. In contrast, at high Dox concentra-
tions, ECAD_DN expressing cells failed to form colonies and
remained as individual cells (Fig. $2 and Fig. 6A). Accordingly,
immunostaining for E-cadherin showed weakening of AJ with
increasing Dox concentration (Fig. 6B). In agreement, the
transduction efficiency increased by more than 4-fold with
increasing Dox concentration from 12% (no Dox) to 52% (1 or
10 pg/ml) (Fig. 6C).

We also examined whether loss of AJ enhanced entry of LV
particles in target cells. To this end, TripZ-ECAD_DN expressing
A43]1 cells were treated with various Dox concentrations and the
next day they were exposed to LV for a short time (30 min). After
removal of the virus, the cells were trypsinized to remove surface-
bound viral particles and pelleted cells were lyzed to measure
internalized viral particles by WB for the capsid protein, p24. As
shown in Fig. 6D very little — if any — p24 was detected in the
absence of Dox but internalized p24 increased significantly with
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Figure 3. Effect of a-catenin knockdown and overexpression on LV transduction. (A) Wild type and a-catenin/DRE2 fusion protein over-
expressing ME180 cells (ME180-a-cat) were cultured in high Ca*" (1 mM) medium and stained for E-cadherin (green). The nuclei were counterstained
with Hoechst (blue). The o-catenin/DRE2 fusion protein was visualized directly after fixation. Scale bar=50 um. (B) Wild type and A431-sh-o-cat were
cultured in high Ca** medium, stained for E-cadherin (red) and the nuclei were counterstained with Hoechst (blue). Scale bar= 100 um (C) Wild type
ME180, ME180-a-cat, wild type A431 and A431-sh-a-cat cells were cultured in high Ca** (1 mM) or in low Ca%* (0.06 mM) medium and transduced
with ZsGreen-encoding lentivirus. The percentage of transduced cells was measured by flow cytometry 3 days post transduction. All values represent
the mean = SD of triplicate samples in a representative experiment (n=3). The asterisks (*) denote p<<0.05 between the indicated samples.
doi:10.1371/journal.pone.0079265.9g003

increasing Dox concentration, reaching 6-fold increase at 1 pug/ml Finally, we examined whether the inhibition of LV gene transfer
of Dox. Collectively, our results show that formation of AJ by AJ formation was dependent on the mode of viral entry. To this
prevented LV entry into epithelial cells and gene transfer; end, we engineered LV that was pseudotyped with the Moloney
conversely loss of AJ by chemical or genetic means increased Murine Leukemia retrovirus amphotropic envelope, gp70 (ampho-
LV entry and gene transfer. LV) that is known to mediate virus entry via cell surface plasma
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Figure 4. o-catenin knockdown disrupts AJ and increases LV transduction independent of Ca®* concentration. (A) A431 cells cultured
in serum free medium with increasing Ca** concentrations (0.06 mM-1.8 mM) were stained for E-cadherin (red) and the nuclei were counterstained
with Hoechst (blue). (B) A431-sh-a-cat cells cultured in serum free medium with increasing Ca*" concentrations (0.06 mM-1.8 mM) were stained for E-
cadherin (red) and the nuclei were counterstained with Hoechst (blue). Scale bar=100 um. (C) Wild type and hKC-sh-a-cat or A431-sh-a-cat cells
were cultured in serum free medium with increasing Ca®"concentrations (0.06 mM-1.8 mM) and transduced with ZsGreen-encoding lentivirus for
2 hr. The percentage of transduced cells was measured by flow cytometry 3 days post transduction. All values represent the mean = SD of triplicate

samples in a representative experiment (n=3). The asterisks (*) denote p<<0.05 between low (0.06 mM) and the indicated Ca®* concentrations.

doi:10.1371/journal.pone.0079265.g004

membrane fusion. As shown in Fig. 83, ampho-LV gene transfer
increased by 40% and 100% in A431-ECAD_DN and hKC-
ECAD_DN, respectively, suggesting that lentivirus transduction,
whether via receptor-dependent or -independent entry mode, is
significantly affected by AJ formation in target cells.

Discussion

In this study we attempted to understand whether intercellular
adhesion through AJ affects LV-cell interactions and gene transfer.
To this end, we employed a battery of approaches and showed

PLOS ONE | www.plosone.org

that E-cadherin based AJ prevented efficient gene transfer by
inhibiting virus entry into the cell cytoplasm. First, we transduced
epithelial cells under conditions that favor (high Ca®") or hinder
(low Ca®") formation of colonies through AJ-mediated cell-cell
interactions. The peripheral cells of these colonies connected with
their neighbors inside the colony but they had no AJ on their free
edge facing outwards. Interestingly, we observed that LV-
transduced cells were localized primarily around the periphery
of these colonies, suggesting that viral entry sites may be more
accessible at these peripheral cells as compared to cells in the
colony center. Previous studies reported a similar bias for infection
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Figure 5. ECAD_DN overexpression disrupts AJ and increases LV transduction independent of Ca®* concentration and position of
cells within epithelial colonies. (A) A431-ECAD_DN cells were cultured in serum free medium with increasing Ca*" concentrations (0.06 mM-
1.8 mM) and stained for E-cadherin (red). The nuclei were counterstained with Hoechst (blue). (B) Wild type or hKC-ECAD_DN and A431-ECAD_DN
cells were cultured in serum free medium with increasing Ca®* concentrations (0.06 mM-1.8 mM) and transduced with ZsGreen encoding lentivirus
for 2 hr. The percentage of transduced cells was measured by flow cytometry 3 days post transduction. All values represent the mean = SD of
triplicate samples in a representative experiment (n=3). The asterisks (*) denote p<<0.05 between the low (0.06 mM) and the indicated Ca?*
concentrations. (C) hKCs cultured on collagen-coated circular patterns in high (1 mM) or low (0.06 mM) Ca®" containing medium and transduced
with ZsGreen encoding lentivirus. Two days later the cell nuclei were counterstained with Hoechst (blue). Scale bar=500 um. (D) Same as in (C) with

hKC-ECAD_DN. Scale bar=500 um.
doi:10.1371/journal.pone.0079265.g005

along the periphery of MDCKII cell colonies that were transduced
with herpes simplex virus (HSV) [37,38] as well as bacterial
infections by Listeria Monocytogenes [39]. Conversely, we observed
that when calcium was reduced to the level that did not support
AJ, the bias was eliminated and transduced cells appeared to be
distributed uniformly throughout the colony. In addition, the
transduction efficiency increased significantly for A431 cells (4-
fold) and was even higher for hKCs (10-fold), possibly because
hKC formed stronger and continuous AJ with dense underlying
cortical actin network as compared to relatively thinner and
discontinuous AJ in the cancerous A431 cells. These results
showed that Ca®" concentration affected LV gene transfer through
formation of A]J.

This hypothesis was further explored by inhibiting the ROCK
pathway. Previous studies implicated RhoA and its downstream
effector ROCK in controlling AJ formation/disassembly. The two
isoforms, ROCKI1 and ROCK2 seem to play distinct roles in
controlling AJs; ROCK?2 is required for junction disassembly via
actomyosin contraction [40], while ROCK1 was recently reported
to directly associate with the AJ complex [35]. Entry of other
viruses, including the Ebola virus and vesicular stomatitis virus (but
not HIV or adenoassociated virus 2) was significantly enhanced in
cells with high expression of RhoC: [41]. On the other hand, HSV-
1 required active CDC42 to promote filopodia formation and
provide the “rails” along which viral particles travel before
successful entry [37,42,43]. In addition, ROCKI1 depletion by
shRNA or inhibition using Y27632 was shown to disrupt AJ and
internalize junctional E-cadherin [35,44]. Indeed, upon Y27632
treatment, hKCs and A431 cells assumed flattened morphology
with poorly organized E-cadherin junctions even at high calcium
concentration. What is more, weakening of junctions was
accompanied by increased transduction in a Y27632 dose-
dependent manner. These data supported a role of AJ in LV-
cell interactions but direct evidence was still lacking.

To address this hypothesis directly, we disturbed intercellular
adhesion by manipulating directly some of the components of the
AJ complex. Among the AJ complex proteins, ®-catenin plays a
multifunctional role having binding domains for a number of
junctional and cytoskeletal proteins such as B-catenin/plakoblo-
bin, o-actinin, F-actin, vinculin as well as a homodimerization
domain [45,46]. In our experiments we employed gain-of-function
as well as knockdown strategies to investigate the effect of o-
catenin in AJ formation and gene transfer. First, we introduced o-
catenin in the a-catenin deficient ME180 cells to enable formation
of AJ, as shown by co-localization of a-catenin and E-cadherin at
the cell-cell contact sites. AJ formation was accompanied by a
decrease in gene transfer efficiency. Conversely, silencing of o-
catenin in A431 cells resulted in disruption of AJ and significantly
enhanced gene transfer, which was independent of the Ca®*
concentration, even up to 1.8 mM. This result suggested that
manipulation of o-catenin had significant effect on LV gene
transfer possibly by affecting AJ formation.

The direct effect of AJ formation/dissolution on gene transfer
was further investigated by directly modulating the function of E-
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cadherin through overexpression of a dominant negative E-
cadherin, which is a truncated form of E-cadherin lacking the
ectodomain of the wild-type (wt) protein. It acts as dominant
negative because it binds to E-cadherin cytoplasmic partners
depleting them from the cytoplasm and decreasing their binding to
wt E-cadherin [47,48]. As a result it was expected to decrease the
strength of cell-cell adhesion even in confluent monolayers.
Indeed, hKCs expressing ECAD_DN failed to form AJ. As a
result the efficiency of LV gene transfer increased significantly and
transduced cells were not present only in the periphery of each
colony but were distributed uniformly throughout. In addition, use
of a Dox regulatable vector allowed us to express ECAD_DN in a
dose-dependent manner leading to a dose-dependent increase in
lentivirus entry into the cell cytoplasm and gene transfer. It will be
interesting to employ Dox-regulatable, ECAD_DN expressing
cells to generate 3D tissue models e.g. bioengineered epidermis
with temporally controlled intercellular adhesion to study gene
transfer in a 3D context.

Interestingly, this finding may have significant implications in
lentiviral gene transfer to epidermal stem cells. The epidermis
contains cells with different growth potential and at different stages
of differentiation: slowly dividing stem cells that continue to
proliferate for the lifetime of the tissue; transit amplifying (TA) cells
that divide fast but are limited to a finite number of cell divisions
before their progeny must commit to differentiate; and terminally
differentiated cells, which will eventually reach full maturity and
die. On fibroblast feeder layers, epidermal cells grow in colonies,
containing all three types of cells, which are organized in
concentric circles with stem cells in the inner core, TA cells
surrounding stem cells and differentiated cells in the outer layers of
each colony [49-51]. The stem cells are tightly packed and express
high level of E-cadherin, which decreases in the TA cells and more
so in the differentiated cells of the outer layers [50]. Our results
showed that hKCs in the periphery of each colony i.e.
differentiated cells were more likely to be transduced by
ZsGreen-encoding LV and that culture in low calcium concen-
tration prevented colony formation and increased gene transfer to
more than 20 times. These results suggest that culture conditions
that prevent cell-cell adhesion may increase lentiviral gene transfer
to the epidermal stem compartment, and therefore, provide a
simple means to increase the potential of genetically modified
epithelial stem cells to treat short- or long-term disease states.

These results also suggested that intact epithelial tissues with
strong intercellular adhesion might be more difficult to infect with
LV and maybe other viruses as well. Indeed, it has been reported
that junction integrity is weakened in the airway epithelium of
asthmatic patients who exhibit increased susceptibility to respira-
tory viruses such as rhinovirus [52]. Disruption of bronchial
epithelium with a function blocking E-Cadherin antibody
(SHE78-7) or in the presence of low Ca®" concentration resulted
in significantly increased adenoviral infection [53]. Similarly,
disruption of intercellular adhesion though chemical e.g. lyso-
phosphatidylcholine (LPC) or mechanical means e.g. dynamic
compression resulted in higher susceptibility of broncho-epithelial
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Figure 6. LV entry and transduction depend on the extent of AJ formation. (A) Phase contrast images of A431 cells expressing Dox-
regulatable dominant negative E-cadherin (TripZ-ECAD_DN) in high Ca%" (1 mM) containing medium at the indicated Dox concentrations. Scale
bar=100 um. (B) TripZ-ECAD_DN expressing hKCs were cultured in high Ca®* (1 mM) containing medium at the indicated Dox concentration and
immunostained for E-cadherin (red), actin (green) and nuclei were counterstained with Hoechst (blue). (C) TripZ-ECAD_DN expressing hKCs were
cultured in high Ca®* (1 mM) containing medium at the indicated Dox concentration and transduced with ZsGreen encoding lentivirus for 2 hr. The
percentage of transduced cells was measured by flow cytometry 3 days post transduction. All values represent the mean = SD of triplicate samples in
a representative experiment (n=3). The asterisks (*) denote p<<0.05 between the control (no Dox) and the indicated Dox concentration. (D) TripZ-
ECAD_DN expressing hKCs were cultured in high Ca*" (1 mM) containing medium at the indicated Dox concentrations and transduced with lentivirus
for 30min. Then the cells were trypsinized to remove cell-surface bound virus and lysed. Internalized viral protein p24 was quantified by western blot
and band intensity was measured by Image J, normalized to B-actin and plotted as a function of Dox concentration. All values represent the mean =
SD of triplicate samples in a representative experiment (n = 3). The asterisks (*) denote p<<0.05 between the control (no Dox) and the indicated Dox
concentration.

doi:10.1371/journal.pone.0079265.g006
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tissues to rhinovirus infection or lentivirus gene transfer [54-56].
In agreement, treatment of a cystic fibrosis mouse model with LPC
was shown to increase LV gene transfer of the cystic fibrosis
transmembrane conductance regulator (CFTR) gene and improve
lung function [57,58]. However, all these models are complicated
by the use of chemicals or mechanical forces causing cellular
damage that compounds data interpretation. Our work uses
shRNA and dominant negative approaches targeting specific
molecules in the AJ complex, thereby providing clear evidence
that AJ directly affect LV entry and gene transfer.

The effect of AJ formation was not limited to vectors
pseudotyped with the VSV-G envelope but extended to LV that
was pseudotyped with the murine amphotropic retrovirus enve-
lope, which enables virus entry via membrane fusion and not
endocytosis. However, transduction by ampho-LV was seemingly
affected to a lesser extent than transduction by VSV-G enveloped
LV suggesting that LV entry by endocytosis may be more strongly
dependent on cell-cell adhesion than entry by membrane fusion.
Interestingly, during A] formation the proteins participating in
clathrin-mediated endocytosis (clathrin light chain, ®AP2 subunit
of AP2 complex) are recruited to the cell-cell junctions [59]. The
depletion of endosome forming proteins from cell surface may be a
reason for the reduction of LV endocytosis upon AJ formation.
Alternatively, the highly organized network of actin bundles that
are formed underneath the AJ may also provide a physical barrier
to pathogen entry [60,61], and possibly affect entry by endocytosis
to a larger extent than entry by membrane fusion. Although the
exact mechanism remains elusive, our results clearly establish the
role of AJ in controlling the extent of LV infection and suggest that
controlled disruption of intercellular junctions may provide a
simple but efficient means of increasing gene transfer to epithelial
cells and tissues.

Supporting Information

Figure S1 Immunoblotting showing overexpression or
knockdown of A] complex proteins. A) ME180 cells deficient
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