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Abstract

14-3-3c (also called stratifin) is specifically expressed in the stratified squamous epithelium and its
function was recently shown to be linked to epidermal stratification and differentiation in the skin.
In this study, we investigated its role in corneal epithelium cell proliferation and differentiation. We
showed that the 14-3-3c mutation in repeated epilation (Er) mutant mice results in a dominant
negative truncated protein. Primary corneal epithelial cells expressing the dominant negative protein
failed to undergo high calcium-induced cell cycle arrest and differentiation. We further demonstrated
that blocking endogenous 14-3-3c activity in corneal epithelial cells by overexpressing dominative
negative 14-3-3c led to reduced Notch activity and Notch1/2 transcription. Significantly, expression
of the active Notch intracellular domain overcame the block in epithelial cell differentiation in
14-3-3c mutant-expressing corneal epithelial cells. We conclude that 14-3-3c is critical for regulating
corneal epithelial proliferation and differentiation by regulating Notch signaling activity.
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Introduction

The corneal epithelium is a stratified squamous epithelium that undergoes constant renewal
with an estimated turnover time of about 7-10 days in mammals [1] The corneal epithelium is
composed of a mitotically active basal monolayer and differentiating suprabasal layers. The
edge of the cornea at the junction with the sclera is comprised of a limbal region which is a
niche for corneal stem cells that generate new basal cells [2;3;4]. Recent studies have shown
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that some stem-like cells scattered throughout the corneal epithelium can regenerate the corneal
and conjunctival epithelia [5]. The corneal epithelial progenitor cells in the basal layer of the
normal corneal epithelium generate transient amplifying (TA) cells that undergo multiple
divisions and gradually migrate to the upper layer. During this process, the differentiating
epithelial cells switch expression of differentiation-specific cytokeratins from the universal
stratified epithelial cytokeratin pair of keratin-5 (K5) and K-14 to cytokeratin-3 (K3) and K12
[6]. The terminally differentiated epithelial cells in the most superficial layer form desmosomes
and tight junctions, which act as a barrier to protect the cornea from environmental insults
[7;8]. The same corneal epithelial differentiation process can be largely achieved in cell culture
using culture conditions that allow the culture, expansion, and differentiation of corneal
epithelial progenitor cells. The molecular machinery that controls and maintains corneal
epithelial cell homeostasis is still poorly understood.

14-3-3c belongs to a seven member family of highly conserved phosphoserine/
phosphothreonine-binding proteins regulating cell signaling of numerous processes that
control the cell cycle, cell growth, differentiation, apoptosis, and cell migration [9]. In contrast
to other 14-3-3 proteins, 14-3-3c is specifically expressed in the stratified squamous epithelium
and forms homodimers with a target specificity different from those of dimers of other family
members [10]. Because of its unique target substrates, 14-3-3c has specific cellular functions;
for example, it is the only tumor suppressor protein in the family. It is also an important G2M
cell cycle checkpoint regulator and its expression is induced by DNA damage stress through
a p53-dependent pathway [11]. Epigenetic silencing of the 14-3-3c gene through promoter
methylation has been reported in various tumors of epithelial origin [12].

14-3-3c is a key regulator of stratified squamous epithelial homeostasis. In skin, after exiting
from the stem cell compartment, differentiating keratinocytes show increased expression of
14-3-3c [13], suggesting that 14-3-3c is involved in initiation of differentiation of epithelial
cells. Studies in Er mice, in which 14-3-3¢ is mutated, have clearly demonstrated that
14-3-3c is essential for skin epithelial differentiation [14;15]. We previously showed that, in
Er mice, a single nucleotide insertion in the 14-3-3c coding region leads to a truncated protein
lacking the C-terminal 40 amino acids, which form part of the ligand-binding domain [15].
Theoretically, the mutant 14-3-3c could still dimerize with wild-type 14-3-3c, but the resulting
complex would be inactive due to its not having any ligand binding ability, suggesting that the
mutant 14-3-3c would act as a dominant negative protein.

In the present study, we showed that 14-3-3c is a key regulator of corneal epithelial cell
homeostasis. Blocking 14-3-3c activity with the dominant negative mutant 14-3-3c resulted
in increased cell proliferation and diminished differentiation of corneal epithelial cells. These
defects were associated with reduced Notch activity and Notch receptor expression.
Furthermore, reintroduction of an active form of Notch restored the differentiation of the
mutant cells. Our data suggest that 14-3-3c regulates corneal epithelial cell proliferation and
differentiation by maintaining Notch activity.

Materials and Methods

Animals

C57BL/6J mice were purchased from the Jackson Laboratory and were housed under pathogen-
free conditions in accordance with institutional guidelines. Animal care and use were approved
by the Institutional Animal Care and Use Committee of the University of Louisville.
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Corneal epithelial cell culture

Eyes were collected from euthanized mice and treated overnight at 4 °C for with dispase (10
mg/ml in 1640 medium) to disrupt the basement membrane, then the epithelial sheets were
peeled off and digested in 0.25% trypsin-EDTA at 37 °C for 5-10 min. The cells were washed
in Dulbecco’s modified Eagle’s medium (DMEM) containing 10% fetal bovine serum (FBS)
[HyClone] and resuspended in keratinocyte serum-free medium (KSFM; Invitrogen)
containing 0.05 mM calcium and plated on collagen-coated tissue culture plates. To induce
differentiation, the cultures were exposed to 1.6 mM calcium for 48 h, then were fixed in 4%
paraformaldehyde (PFA) for immunostaining or collected for Western analysis or Q-PCR
analysis.

Immunohistological analysis

The PFA-fixed cell were treated for 25 min at 95 °C with Tris-EDTA buffer (10 mM Tris base,
1 mM EDTA, pH 9). All subsequent steps were at room temperature. The treated cells in 24-
well plates were incubated for 1 h with 5% donkey serum, then for 90 min with primary
antibodies and for 30 min with a fluorescein-conjugated secondary antibody, both in PBS
containing 1% BSA, 0.2% powdered skim milk, and 0.3% Triton X-100 The primary antibodies
used were mouse anti-p63 (1:200, sc-8431, Santa Cruz Biotechnology, Inc., Santa Cruz, CA),
rat anti-BrdU (1:800, MAS 250c, Harlan-Sera Lab, Loughborough, UK), and rabbit anti-ZO-1
(1:600, Cat #61-7300, Zymed Laboratories Inc., San Francisco, CA). Secondary Cy3- or FITC-
conjugated antibodies were obtained from Jackson ImmunoResearch Laboratories, Inc. (West
Grove, PA). Nuclei were stained with diamidinophenylindole (DAPI).

293T culture, transfection, and co-immunoprecipitation

293T human embryonic kidney cells (Invitrogen, Carlsbad, California) in 10-cm plates were
maintained in DMEM medium containing 10 % FBS and were transfected by the calcium
phosphate method. Two days after transfection, the cells were lysed in cold RIPA buffer [20
mM Tris-HCI, 100 mM NaCl, 0.2% deoxycholic acid, 0.2% Triton X-100, 0.2% NP-40, and
protease inhibitor cocktail (Roche)]. After clearance by incubation for 30 min with 50 ul of
normal goat 1gG (from Santa Cruz, both 1 pg/ml) and 100 pl of protein G-coupled agarose
beads slurry (Amesham Biosciences), the lysates were incubated for 2 h at 4°C with 30 pl of
protein G-coupled agarose beads slurry goat antibodies against the C-terminus of 14-3-3c
(1:200, sc-7683) or normal goat 1gG (sc-2028) (both from Santa Cruz, both 1 ug/ml). The beads
were then washed 5 times before the antibody-antigen complexes were released from the beads
with SDS lysis buffer and loaded on 10% SDS-polyacrylamide gels and subjected to Western
analysis with goat antibody against the N-terminus of 14-3-3c (1:200, sc-7681, Santa Cruz).

Western blotting for NCID
Please see details in the supplementary materials.

Quantitative polymerase chain reaction

Total RNA was isolated from mouse primary corneal epithelial cell cultures using RNeasy
Protect Mini Kit (Qiagen). Reverse transcription was performed with 2 pg of total RNA using
random hexamers and a cDNA synthesis kit (SuperScript First-Strand Synthesis System,
Invitrogen, Carlsbad, CA). The quantitative polymerase chain reaction (Q-PCR) was
performed according to the manufacturer’s instructions (Stratagene Mx3000P QPCR System,
Stratagene, San Diego, California) using a primer set for actin as the internal standard. Primers
for mouse Notchl (13177625al), Notch2 (ID 33859592a3), Jaggedl (ID 7305197al),
Jagged2 (ID 2765404al), and RBP1 (6755300a1) were designed based on the PrimerBank
database (Harvard Medical School). The Hes1 primer sequences have been published
previously [16].
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Lentiviral production

Results

The lentivector EF.hiCN1.CMV.GFP was obtained from Addgene. Details of the production
of the lentiviral expression vectors CMV.GFP and CMV.14-3-3c Mut have been published
previously [15]. Lentiviruses were produced by co-transfection with lentiviral vector and the
packaging vectors pMDL, pRev, and pVSVG (K4975-00, Invitrogen, Carlsbad, California) as
described previously [17].

The mutant 14-3-30 has a dominant negative effect

It is thought that the 14-3-3c mutant might act as a dominant negative, as it retains the
homodimerization domain and can dimerize with wild type (WT) 14-3-3c, but lacks the region
that participates in phospho-binding motif formation [15] and therefore the complex is inactive.
To determine whether mutant 14-3-3c functions as a dominant negative, we first asked whether
there was an interaction between WT 14-3-3c and mutant 14-3-3c. 293T cells were transfected
with WT 14-3-3c cDNA and/or mutant 14-3-3c cDNA, then the cells were solubilized and the
lysate subjected to immunoprecipitation with antibodies recognizing the C-terminus of WT
14-3-30, but not the 14-3-3c mutant, which lacks this region. Western blots of the
immunoprecipitated protein using antibodies against the N-terminus of 14-3-3c (recognizing
both WT and mutant 14-3-3c) showed that the mutant 14-3-3c co-immunoprecipitated with
WT 14-3-3c (Fig. 1, top panel, lane 7), thus demonstrating that the mutant 14-3-3c forms
heterodimers with WT 14-3-3c. In the lysates of the cell co-transfected with equal amounts of
the WT and mutant cDNAs, more WT protein was immunoprecipitated than mutant protein,
indicating that both WT homodimers and WT/Mut heterodimers were formed, but
heterodimers were dominant. Next, we asked whether the WT/mutant 14-3-3c dimer could
bind ligands. A well-known ligand for 14-3-3c is Cdc2, a cyclin-dependent kinase that is
critical for G2M cell cycle progress [11;18]. By Western blotting using anti-Cdc2 antibody,
we showed that Cdc2 was bound to the WT 14-3-3c homodimer (Fig. 1, lane 3 vs lane 4), but
was absent in the sample containing dominantly WT/Mut heterodimers (Fig. 1, Lane 3 vs lane
7). These data demonstrate that mutant 14-3-3c indeed functions as a dominant negative
binding partner blocking the function of WT 14-3-3c.

Differentiation of WT corneal epithelial cells is blocked by mutant 14-3-3¢

To examine the role of 14-3-3c in controlling corneal epithelial proliferation and
differentiation, we used primary cultured mouse corneal epithelial cells isolated and cultured
essentially as described in previous reports [19;20;21;22]. We then studied the responses of
the freshly isolated corneal epithelial cells to low and high extracellular Ca2* and found that
primary mouse corneal epithelial cells could be maintained in defined keratinocyte serum-free
medium (KSFM) medium containing low extracellular Ca2* (0.05 mM) with basal cell
phenotypes, such as high proliferation, p63 expression, and low ZO1 expression. A high
extracellular Ca%* concentration (1.6 mM) rapidly induced corneal epithelial cell
differentiation with suprabasal corneal epithelial cell characters, including reduced p63
expression and cell proliferation, as shown by BrdU labeling, and induction of tight junction
formation, as shown by ZO-1 staining (see Fig. S1)

To study the function of 14-3-3c in corneal epithelial cells, we transfected primary WT corneal
epithelial cell cultures with lentiviruses expressing the dominant negative mutant 14-3-3c to
block endogenous 14-3-3c activity, while control cells were transfected with the control protein
Green Fluorescent Protein (GFP). Because high calcium-induced differentiation was
accompanied by cell cycle arrest and tight junction formation, we counted cell numbers for 5
days in low or high calcium (1.6 mM) and examined whether tight junctions were formed after
48 h. The mutant 14-3-3c significantly blocked WT corneal epithelial cell differentiation after
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high calcium induction, as demonstrated by continued cell growth (Fig. 2A) and expression of
p63 (Fig. 2B) and by the absence of the tight junction differentiation marker ZO-1 (Fig. 2C
and D). These data show that 14-3-3c is important in promoting corneal epithelial cell
differentiation and that the dominant negative mutant 14-3-3c blocks 14-3-3c activity, thus
hampering high calcium-induced cell differentiation.

Notch activity and Notch transcription are reduced in 14-3-30 mutant-expressing corneal
epithelial cells

The Notch pathway is a highly conserved cell signaling pathway which controls cell
proliferation, differentiation, and fate [23] and is important for corneal epithelial proliferation
and differentiation. It is well documented that ligand binding activates Notch to release the
active form of the Notch receptor, i.e., the Notch intracellular domain (NICD), from the
membrane, and the released NICD then translocates into the nucleus and regulates target gene
transcription. We examined Notch activity in corneal epithelial cells expressing mutant
14-3-3c. A high calcium concentration induced differentiation of WT corneal progenitor cells
accompanied by the generation of NICD (Fig. 3A, lanes 3 and 4), whereas NICD production
was completely blocked in mutant 14-3-3c-expressing corneal epithelial cells (Fig. 3A, lanes
7 and 8). Upon ligand binding, NICD induces the transcription of multiple target genes,
including Hes1. Notchl has also been shown to be critical for vitamin A metabolism by
modulating the transcription of cellular retinol binding protein 1 (RBP1), which is required to
generate a pool of intracellular retinol. Hes1 and RBP1 expression was reduced or lost,
respectively, in 14-3-3c mutant-expressing corneal epithelial cells (Fig. 3B). To elucidate the
cause of the reduced NICD activation, we examined the expression of the Notch receptor genes
Notch1 and Notch2 and the Notch ligand genes Jaggedl and Jagged2 by Q-PCR analysis.
Interestingly, we observed a significant reduction in Notch1 and Notch2 mRNA levels, but not
in Jagged1 and Jagged2 mRNA levels (Fig. 3B).

Overexpression of NICD rescues the Er corneal cell differentiation defect

The functional role of Notchl in controlling corneal epithelial cell fate and homeostasis has
been demonstrated by studies on cornea conditional knockout mice [24]. To test whether
reduced Notch activity was responsible for the defective Er mutant corneal epithelial cell
phenotypes, we introduced active NICD into Er mutant corneal epithelial cells to evaluate if
it would bypass the defect in 14-3-3c and restore cell differentiation. Both wild-type and Er
mutant corneal epithelial cells were transfected with NICD-expressing lentivirus and subjected
to high calcium-induced cell differentiation. As anticipated, ectopically expressed NICD
indeed induced expression of the Notchl target gene Hes1 in both WT cells (Fig. 4A, lane 2)
and mutant cells (Fig. 4A, lane 4). The almost complete loss of high calcium-induced
differentiation in Er mutant corneal epithelial cells, as judged by lack of tight junction formation
(Fig. 2D), was alleviated by forced expression of active NICD, as demonstrated by the
increased number of cells that formed tight junctions (Fig. 4B and C). We conclude that ectopic
overexpression of NICD enabled the Er mutant corneal epithelial cells to undergo calcium-
induced differentiation and that 14-3-3c controls corneal epithelial cell differentiation through
a downstream Notch signaling pathway.

Discussion and Conclusion

14-3-3c is specifically expressed in stratified squamous cells. The differentiated keratinocytes
that exit the progenitor cell compartment show a significant increase in 14-3-3c expression,
suggesting that 14-3-3c is linked to the initial differentiation of skin epithelial cells [13]. In
epidermal basal progenitor cells, 14-3-3c expression is repressed by p63 and, when epidermal
progenitor cells are committed to differentiation [25], 14-3-3c expression is induced due to
reduced p63 expression. The identification of the 14-3-3c mutation in Er mice clearly
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established the role of 14-3-3c in controlling epidermal epithelial development and
differentiation [14;15]

Both the epidermis and corneal epithelium are derived from ectoderm during development and
share a similar regulatory machinery. However, the role of 14-3-3c in the corneal epithelium
has not established. Due to paranatal lethality, it is not feasible to obtain corneal epithelial cells
directly from Er/Er embryos that completely lack 14-3-3c activity. Instead, we studied the role
of 14-3-3c in corneal epithelial cells by expressing the mutant 14-3-3c dominant negative
protein to block endogenous WT 14-3-3c activity and showed that blocking of 14-3-3c activity
in corneal epithelial cells resulted in increased BrdU incorporation and an increased p63+ cell
population. As BrdU+/p63+ are markers for the TA cell population, we conclude that
14-3-3c is critical for controlling the proliferation capacity of TA cells. In addition, 14-3-3c
was also shown to be necessary for promoting corneal epithelial cell differentiation, as
evidenced by reduced calcium-induced tight junction formation when 14-3-3c activity was
blocked. These data suggest that, as in the epidermis, 14-3-3c is a key regulator of corneal
epithelial cell homeostasis.

Notch signaling is essential for controlling both cell proliferation and differentiation. A study
with cornea-specific ablation of Notchl showed that, in response to corneal wounding, Notch1-
deficient corneal progenitor cells give rise to hyperplastic, keratinized cells that continue to
express markers of progenitor cells and invade the underlying stroma, producing
neovascularization and ultimately a corneal plaque [24]. Vitamin A deficiency induces a
similar corneal defect in humans [26]. Notchl signaling is linked to vitamin A metabolism by
regulating the expression of RBP1 [24]. In this study, we showed that Notch activity was
reduced when 14-3-3c activity was inhibited and that the reduction in Notch activity was
associated with reduced transcription of Notchl and Notch2. When Notch activity was restored
in mutant cells by overexpressing NICD, both the proliferation and differentiation defects were
alleviated. Our results suggest that 14-3-3¢ acts upstream of Notchl in corneal epithelial cell
differentiation. Interestingly, homozygous mutation of 14-3-3¢ leads to embryonic block of
the differentiation of both the corneal epithelium (unpublished data) and skin keratinocytes
[15]. Likewise, Notch activity is required for corneal epithelial differentiation [24]. Taken
together, the results of the present study demonstrate that 14-3-3c regulates Notch signaling
after corneal stem cells are committed to terminal differentiation and that this subsequently
affects corneal epithelial homeostasis.

The expression of both Notchl and Notch2 was significantly reduced in Er mutant corneal
epithelial cells. This raises the possibility that 14-3-3¢ is essential for maintaining Notch1 and
Notch2 transcription in the squamous epithelium. Although 14-3-3c is not a transcription
factor, there is substantial evidence that it binds to many transcription factors and regulates
gene expression [9;27]. 14-3-3c functions as a shuttle carrier regulating protein nuclear
localization, controlling transcription complex formation, and preventing transcription factors
from binding to their target promoters. Alternatively, 14-3-3c might regulate Notch signaling
indirectly through other signaling pathways. Both the p63 and EGFR signaling pathways have
been shown to modulate Notch1 transcription and to affect keratinocyte proliferation and
differentiation [28;29]. P63 plays an important role in the maintenance of epidermal basal cell
proliferation, and, together with Notch, induces K-1 expression in suprabasal cells and the
formation of the intermediate cell layers [28]. EGFR signaling negatively controls Notch1 gene
expression through a mechanism involving the transcriptional downregulation of the p53 gene,
and suppression of EGFR signaling activates Notch and initiates epidermal differentiation
[29]. The elucidation of these signaling pathways and their relationships will facilitate our
understanding of how 14-3-3c functions in the regulation of epithelial differentiation.

Biochem Biophys Res Commun. Author manuscript; available in PMC 2011 February 19.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Xin et al.

Page 7

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgments

The authors would like to thank Dr. Doug Dean for valuable discussion, Research to Prevent Blindness, Inc, NYC for
general support, and the HistoCore funded by NIH grant EY015636. This work was supported by NIH/NCRR COBRE
5 P20 RR018733 (Q. Li), and Q.Lu were supported by NIH/NCRR 5 P20 RR017702 and NIH R01-EY018830.

Abbreviation

TA
K5
K14
K3
K12

transient amplifying
keratin-5

keratin-14
cytokeratin-3
keratin-12

NICD Notch intracellular domain

RBP1 retinol binding protein 1

WT
Er
PFA

wild type
Repeated Epilation
paraformaldehyde

BrdU 5-bromo-2'-deoxyuridine

DAPI diamidinophenylindole

Q-PCR guantitative polymerase chain reaction

GFP
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Fig. 1.

Mutant 14-3-3c protein interacts with WT 14-3-3c protein and inhibits the binding of WT
14-3-3c protein to Cdc2. 293 T cells were transiently transfected with empty transcription
vector cDNA (lanes 1-2), WT 14-3-3c cDNA (lanes 3—4), mutant 14-3-3c cDNA (lanes 5-6),
or an equal mixture of WT and Er mutant cDNAs (lanes 7-8). Two days later, the cells were
lysed and subjected to immunoprecipitation with either an anti-14-3-3c antibody recognizing
only the WT protein (lanes 1, 3, 5, and 7) or control IgG (lanes 2, 4, 6, and 8), followed by
Western blotting using an anti-14-3-3c antibody that recognizes both forms (top panel) or anti-
Cdc2 antibody (bottom panel).
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Fig. 2.

Differentiation of WT corneal epithelial cell is blocked by mutant 14-3-3c. Primary corneal
epithelial cells isolated from C57BL6J mice were transduced with GFP or Er mutant
14-3-3c using lentiviral expression vectors. At 24 h after transduction, half of the cells were
switched to high calcium medium (1.6 mM), while the others were left in low calcium medium.
(A). Cell growth curve over 5 days. (B). Quantification of p63-positive cells in WT and mutant
14-3-3c-expressing corneal epithelial cells after 48 h in low or high calcium medium. (C).
Tight junction (TJ) visualized by ZO-1 staining (shown in red) in GFP- or 14-3-3c mutant-
expressing corneal epithelial cells cultures in low or high calcium medium for 48 h. Bar
size=100um (D). Quantification of TJ-forming cells in the samples shown in C.
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Fig. 3.

Reduced Notch activity in 14-3-3¢ mutant-expressing corneal epithelial cells. (A) Western
blots showing the level of Notch1 NICD in corneal epithelial cells transduced with the control
GFP-lentivirus (WT, 1-4) or with lentivirus expressing the 14-3-3c mutant cDNA (Mut, 5-8)
in low calcium (lanes 1, 2, 5, and 6) or high calcium (lanes 3, 4, 7, and 8). (B) Q-PCR analysis
of Hes1, RBP1, Notchl, Notch2, Jaggedl, and Jagged2 mRNAs in corneal epithelial cells
transduced with lentivirus expressing either GFP or mutant 14-3-30.
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Fig. 4.

Defective mutant 14-3-3c-expressing corneal epithelial cell differentiation can be rescued by
expression of Notch1 NICD. (A). Wild-type (columns 1 and 2) or mutant 14-3-30-expressing
(columns 3 and 4) corneal epithelial cells were transduced with NICD-expressing (columns 2
and 4) or GFP--expressing (columns 1 and 3) lentivirus (One day after transduction, the cells
were switched to high calcium medium for 48 h, then Hes1 mRNA levels were assessed by Q-
PCR. (B) 14-3-3c mutant-expressing corneal epithelial cells were transduced by lentiviral
GFP-expressing (top) or NICD/GFP expressing (bottom) vectors in high calcium medium for
48 h, then tight junction (TJ) formation was visualized by staining with anti-ZO-1 antibody.
GFP or NICD-GFP lentiviral expression were showed in green (left). Bar size=100um. (C) TJ-
positive cells were quantified and the fold increase in TJ-positive cells in the NICD-expressing
cells was calculated by comparison with the GFP-expressing controls.
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