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PURPOSE. Glucocorticoids (GCs) effectively reduce retinal edema and induce vascular barrier
properties but possess unwanted side effects. Understanding GC induction of barrier
properties may lead to more effective and specific therapies. Previous work identified the
occludin enhancer element (OEE) as a GC-responsive cis-element in the promoters of multiple
junctional genes, including occludin, claudin-5, and cadherin-9. Here, we identify two OEE-
binding factors and determine their contribution to GC induction of tight junction (TJ) gene
expression and endothelial barrier properties.

METHODS. OEE-binding factors were isolated from human retinal endothelial cells (HREC)
using DNA affinity purification followed by MALDI-TOF MS/MS. Chromatin immunoprecip-
itation (ChIP) assays determined in situ binding. siRNA was used to evaluate the role of trans-
acting factors in transcription of TJ genes in response to GC stimulation. Paracellular
permeability was determined by quantifying flux through a cell monolayer, whereas
transendothelial electrical resistance (TER) was measured using the ECIS system.

RESULTS. MS/MS analysis of HREC nuclear extracts identified the heterodimer of transcription
factors p54/NONO (p54) and polypyrimidine tract-binding protein-associated splicing factor
(PSF) as OEE-binding factors, which was confirmed by ChIP assay from GC-treated endothelial
cells and rat retina. siRNA knockdown of p54 demonstrated that this factor is necessary for
GC induction of occludin and claudin-5 expression. Further, p54 knockdown ablated the pro-
barrier effects of GC treatment.

CONCLUSIONS. p54 is essential for GC-mediated expression of occludin, claudin-5, and barrier
induction, and the p54/PSF heterodimer may contribute to normal blood-retinal barrier (BRB)
induction in vivo. Understanding the mechanism of GC induction of BRB properties may
provide novel therapies for macular edema.
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Blood-retinal barrier (BRB) breakdown contributes to many
ophthalmological diseases, including diabetic macular

edema (DME), retinal vein occlusions, and uveitis. Clinical
signs of diabetic retinopathy are present in nearly all patients
who have had diabetes for more than 20 years.1 As the
prevalence of diabetes continues to rise, effective management
of eye disease will become more important to improve the
quality of life of diabetic patients and limit the increasing
economic cost of diabetic ocular diseases.

Recent findings have revealed an important role for elevated
cytokines, such as VEGF, and inflammatory cytokines, such as
TNF, in the etiology of DME. Anti-VEGF2 therapies can reverse
the effects of BRB breakdown, such as macular edema and
retinal swelling. Used in conjunction with laser photocoagula-
tion or alone,3 these therapies often prevent further vision loss
and improve vision for some patients. Although not tested in
large clinical trials, anti-TNF4 therapy may provide an additional
therapeutic option. Intravitreal glucocorticoid (GC) injections
and fluocinolone acetonide implants5 have also been success-
fully used to manage ophthalmological diseases, including
DME, retinal vein occlusions, and uveitis, and show significant
therapeutic benefits in certain populations of patients.6

Numerous trials have shown effective management of diabetic
retinopathy with GC treatment7; however, known adverse side
effects, including elevated IOP and development of cataracts,
have limited GC use.8

GCs exhibit robust therapeutic effectiveness by altering
multiple cellular pathways. They exhibit potent anti-inflamma-
tory actions9 while improving endothelial barrier properties
through increased tight junction (TJ) integrity.10,11 TJs are
specialized cell-cell adhesions that allow the regulation of
molecular and ionic flux across endothelial and epithelial cell
layers. Vasculature within neural tissue contains abundant TJs,
helping to form the blood-brain barrier (BBB) and BRB by
controlling entry into the neural environment.12 TJs are
significantly reduced and disorganized in the retinal vasculature
of diabetic animals, leading to increased permeability.13,14

Occludin and claudin-5 are transmembrane TJ proteins that
contribute to barrier properties. Claudin-5 expression is largely
restricted to vascular endothelium,15 including the retinal
vasculature,16 and gene deletion of claudin-5 leads to perme-
ability of the BBB and death shortly after birth.17,18 The role of
occludin in TJs has proven more complex with phosphoryla-
tion and ubiquitination of occludin necessary for VEGF-induced
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endothelial permeability.19,20 Further, occludin content closely
matches barrier properties in a number of systems.21–23

GCs have been used for decades to treat brain edema
secondary to tumor development,24,25 acting to reduce VEGF
signaling and increase barrier properties. GC treatment leads to
increased transcription of occludin26,27 and claudin-528 and
decreased occludin phosphorylation, leading to a tighter
barrier and less paracellular leakage.26 Mutational analysis of
the occludin promoter revealed the presence of an enhancer
element that confers GC responsiveness to a separate
promoter.28 This enhancer, termed the occludin enhancer
element (OEE), demonstrated homology to elements in other
steroid-responsive junctional genes, including claudin-5 and
cadherin-9. Further, the time frame for steroid responsiveness,
24 to 48 hours, suggested that the OEE was not directly
stimulated by activated glucocorticoid receptor (GR), but
rather was induced by transactivation. We investigated this
process so as to further understand the mechanism behind GC
induction of TJ expression and preservation of the BRB, with
the hopes of generating new therapeutic strategies to treat
diabetic eye disease.

Here we report the identification of a trans-acting factor
that functions at the OEE. The multifunctional heterodimer
formed by p54/NONO (p54) and polypyrimidine tract-binding
protein-associated splicing factor (PSF) was found to form a
complex with the OEE in a GC-dependent manner, leading to
increased transcription of occludin and claudin-5 genes. The
p54/PSF heterodimer has previously been identified as a trans-
acting factor that can modulate gene expression as a
coactivator. Understanding the mechanism behind the GC
induction of coordinated TJ gene transcription may allow the
design of therapies to circumvent known adverse side effects
of GC therapy while reversing BRB breakdown. Additionally,
basic biology behind the development and maintenance of
specialized endothelial barriers in the brain and retina may be
more completely understood through the identification of the
transcriptional elements controlling TJ formation.

METHODS

Cell Culture

Primary bovine retinal endothelial cells (BRECs) were isolated
from fresh bovine eyes as previously described.29 Human
retinal endothelial cells (HRECs) were from Cell Systems
(Kirkland, WA). For experimentation, cells grown to conflu-
ence were switched to 0% fetal bovine serum (FBS) or 1% FBS
and treated with 200 ng/mL dexamethasone where indicated.
All experiments were performed with cells between passages
four and eight. HRECs were used to increase the chance of
trans-acting factors binding to the human OEE sequence.

Western Blotting

Western blots were carried out using previously described
protocols,30 using antibodies directed against occludin (In-
vitrogen, Grand Island, NY; 1:1000), claudin-5 (Invitrogen,
1:1000), p54 (SCBT, 1:1000), PSF (SCBT, Santa Cruz, CA;
1:1000), and GR (SCBT, 1:1000).

Electrophoretic Mobility Shift Assay

DNA oligonucleotides encompassing the 40-bp human OEE
(AACAGTTTAATCAAATTCTGGAAGCAGAAAAGTGTCCTGT),
or a scrambled control, were annealed, labeled with 32P
deoxycytidine triphosphate (dCTP) (Amersham, Piscataway,
NJ) and used as a probe in an electrophoretic mobility shift
assay (EMSA). The probe was incubated with dialyzed nuclear

extract from control or dexamethasone-treated BREC in a
binding reaction containing 100 mM NaCl concentration.
Unlabeled OEE probe in 500-fold excess was included as a cold
competitor where indicated. Complexes were resolved on a 6%
nondenaturing acrylamide gel, dried, and exposed to film.

DNA Affinity Purification

The 50-biotinylated OEE oligonucleotides were annealed and
immobilized on a Dynabead M-280 Streptavidin column
(Invitrogen) in bind/wash buffer (5 mM Tris-HCL, 0.5 mM
EDTA, 1.0 M NaCl, pH 7.5) for 16 hours at 48C with agitation.
Nuclear extract was prepared from dexamethasone-treated
HREC using the NE-PER system (Pierce, Rockford, IL) and
dialyzed against low-salt buffer (4% glycerol, 20 mM Hepes, 1
mM DTT, 1 mM MgCl2, 20 mM NaCl with protease and
phosphatase inhibitors, pH 7.9) at 48C overnight. Nuclear
extract (500 lg) was incubated with the DNA-affinity column
in binding buffer (20 mM Hepes, 70 mM NaCl, 10 mM EDTA,
5% glycerol, 1 mM DTT, 5 mM MgCl2, pH 7.9) in the presence
of 4 mg/mL poly dI/dC nonspecific competitor at 48C for 16
hours with agitation. The column was washed four times with
binding buffer and bound proteins were eluted with binding
buffer containing 500 mM NaCl. Column flow-through,
washes, and eluate were separated on a 12.5% SDS-PAGE gel,
stained overnight with SYPRO-Ruby (Molecular Probes,
Eugene, OR) and bands were visualized on a Typhoon
fluorescence scanner (Molecular Dynamics, Sunnyvale, CA).
Protein bands enriched in the eluate were excised for mass
spectrometry (MS).

Matrix-Assisted Laser Desorption Ionization Time-
of-Flight MS/MS

SYPRO-Ruby was removed by washing two times with a 1:1
solution of 200 mM NH4HCO3/Acetonitrile (AcN). Gel slices
were reduced with 2 mM TCEP (Tris[2-carboxyethyl]phos-
phine) in 25 mM ammonium bicarbonate (pH 8.0) for 15
minutes at 378C. Proteins were alkylated with 20 mM
iodoacetamide in 25 mM ammonium bicarbonate (pH 8.0)
for 30 minutes at 378C in the dark. Gel slices were dried and
rehydrated with sequencing grade modified trypsin (Promega,
Fitchburg, WI) in 10% AcN, 40 mM NH4HCO3, pH 8.0; 0.1%
wt/vol n-octylglucoside (1-O-n-Octyl-beta-D-glucopyranoside)
for 16 hours at 378C. Digested peptides were passed over a C18
Ziptip (Millipore, Billerica, MA), spotted on a matrix-assisted
laser desorption ionization (MALDI) plate and overlaid with
alpha-cyano-4-hydroxycinnamic acid matrix. MS/MS analysis
was performed on an Applied Biosystems 4800 Proteomics
Analyzer MALDI time-of-flight (MALDI-TOF; Applied Biosys-
tems, Foster City, CA) mass spectrometer. Mass spectra were
analyzed using the MASCOT primary peptide sequence
database. Factors identified by MS/MS analysis were confirmed
to bind the OEE by Western blot following DNA affinity
purification.

Chromatin Immunoprecipitation

DNA and trans-acting factors were cross-linked with 1%
formaldehyde in basal or dexamethasone-treated HREC. The
Millipore Chromatin Immunoprecipitation (ChIP) Assay Kit
was used to investigate regions of DNA bound by identified
factors p54 and PSF. All antibodies (p54, PSF, and GR) were
from Santa Cruz Biotechnology (Santa Cruz, CA). Each
antibody was used at 2 lg per ChIP reaction. Indicated
primers were used to specifically amplify promoter regions of
claudin-5, 5 0-GCCAGGTGAGAAGGGAGAGCCTTG and 5 0-
CTGAGCACACACTCTGCCCCAGGAG, occludin, 5 0-ATTTTA
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ACCCCTCTAAGTAATTGTC and 50-CAGCACTTTGATAGGAAA
GGCACG, cadherin-9, 50-GGCATGTATGTGGTCCCAGCTACTT
and 50-CCTTCTACTCACAACAGTAAAATG, and the distal por-
tion of the claudin-5 promoter, 50-CTCCCACCTGGTGGGAAG
GTGGCA and 50-CAGAGGCTCCTGCTGACTTCGGAGG. The
same protocol was used to demonstrate that p54 and PSF
bound to the OEE in rat retina under basal conditions.
Indicated primers were used to specifically amplify the
promoter regions of occludin, 50-GAGCTAAACCCCCAACCCC
ATCTC and 50-AGGAGGCTGATAAGAACTGAGTCC, and clau-
din-5, 50-CTGGGAGCAGACTAGACTTAGGTG and 50-GGATGGT
CAATTGGACCACCTTCT from rat retina.

Small Interfering RNA Transfection

Small interfering (siRNA) duplexes were designed against
human and bovine p54 sequences. A smartpool (Dharmacon,
Lafayette, CO) against human p54 as well as individual oligos,
10 (GGAUGGGUCAGAUGGCUAU) and 11 (GUCAAUUCUGU
GUGGUAUA). were used to verify the specificity of the
knockdown in HREC. Oligo 10 was used for the knockdown
of p54 in BREC. Cells were transfected with the Lonza
Nucleofection System using the HCAEC Nucleofection kit
(Lonza, Basel, Switzerland). In short, 5 3 105 cells were
resuspended in 100 lL nucleofection solution and transfected
with 200 pmol siRNA using program S-005. Cells were
resuspended in media and seeded on culture dishes, or directly
onto Transwells or ECIS arrays (Applied Biophysics, Troy, NY).
After approximately 48 hours, the confluent monolayers were
switched to low serum media and treated with 200 ng/mL
dexamethasone for 24 hours. Cells were harvested for Western
blot analysis or used in functional permeability assays.

Functional Permeability Measures

BRECs were transfected with siRNA and seeded on Transwells
(Corning, Corning, NY) or 8W10Eþ arrays (Applied Biophys-
ics) at 20k cells/cm2. After approximately 48 hours, confluent
monolayers were switched to 1% FBS media and treated with
dexamethasone. The resistance of the monolayers was
measured using the ECIS Z-theta system at 4000 Hz once
every hour.31 Transport assays were performed using 70-kDa
Rhodamine B isothiocyanate (RITC)-dextran to mimic para-
cellular flux of an albumin-sized molecule according to a
previously described protocol.32 Briefly, the rate of flux, Po,
was calculated over the 4-hour time course from the following
formula:

Po ¼ FL=Dt½ �=ðFAAÞ

where Po is in centimeters per second; FL is basolateral
fluorescence; FA is apical fluorescence; Dt is change in time; A

is surface area of the filter; and VA is volume of the basolateral
chamber.

RESULTS

A Protein Complex Containing p54 and PSF Binds
to the OEE cis-Element

We previously identified the OEE as a DNA element in the
promoter region of occludin required for transactivation in
response to GC. We hypothesized this transactivation was due
to the presence of DNA-binding proteins other than the GR
that exhibit increased DNA binding activity following GC
treatment. To test this hypothesis, EMSA was used to determine
the conditions necessary for trans-acting factor binding to the
OEE and to test the effects of GC treatment on the OEE binding

activity (Fig. 1A). Endothelial cells were treated with or
without dexamethasone for 24 hours and nuclear extracts
were prepared and incubated with a 32P-labeled OEE probe. A
complex was observed to form and was successfully competed
away by the inclusion of an excess of unlabeled probe. A
labeled, scrambled OEE probe did not form a complex with
nuclear extract, indicating a specific interaction between
protein complex and OEE sequence. Thus, specific OEE
binding activity was apparent in these cells. In addition, EMSA
suggested that the amount of specific OEE binding activity was
increased when cells were treated with dexamethasone. Next,
the GC-induced trans-acting factors interacting with the OEE
cis-element were identified by affinity capture with immobi-
lized OEE followed by MS/MS identification. Biotinylated OEE
duplexes were immobilized and incubated with nuclear extract
from dexamethasone-treated HREC. Two enriched trans-acting
factors that form a heterodimer were identified in the eluate by
MS/MS analysis, p54, and PSF (Fig. 1B). DNA affinity
purification was again performed, using nuclear extracts from
dexamethasone-treated and untreated HREC. The amount of
total and OEE-bound p54 and PSF was investigated by Western
blot (Fig. 1C). The GR was examined as a negative control for
binding to show specific interaction and provide further
evidence that the GR does not directly bind the OEE. The
analysis demonstrated that dexamethasone treatment strongly
increased the amount of both p54 and PSF specifically bound
to the OEE without altering the amount of p54 and PSF present
in the input samples. Thus, GC treatment increased the
specific binding activity of the p54/PSF complex.

p54 and PSF Bind the OEE in the Promoters of
Multiple Junction Genes. To test in situ binding of p54 and
PSF to the OEE, ChIP was performed from basal and
dexamethasone-treated HREC (Fig. 2A). Antibodies targeting
either p54 or PSF were used to immunoprecipitate the trans-
acting factors cross-linked to chromosomal fragments. Regions
of DNA that coprecipitated with the trans-acting factors were
detected by PCR. As a negative control, ChIP of a distal portion
of claudin-5 promoter not containing the OEE was examined.
Pull-down with either p54 or PSF antibodies led to coprecipi-
tation of the OEE-containing region of the occludin promoter,
as well as regions containing OEE-homologous elements in the
claudin-5 and cadherin-9 promoters. Although quantitative
ChIP was not performed, binding of both factors was observed
in control and dexamethasone-treated samples. No amplifica-
tion of the distal portion of the claudin-5 promoter occurred
following ChIP. To determine if p54 and PSF bound the OEE in
the retina, ChIP was performed using nuclear extracts from rat
whole retinal tissue as the original input (Fig. 2B). ChIP with
p54 and PSF antibodies yielded amplicons for both the
occludin and claudin-5 OEE regions in untreated retinas,
suggesting these factors bind to the OEE in vivo.

p54 Is Essential for the GC Induction of Occludin and
Claudin-5 in Endothelial Cells. To determine the necessity
of p54 in the process of steroid-induced expression of TJ genes
in endothelial cells, siRNA was designed to specifically knock
down p54 expression. A smartpool of four siRNA duplexes
provided a robust knockdown (60%–80%) of p54 in transiently
transfected HREC, which was recapitulated with two individ-
ual siRNAs from the pool (Fig. 3). Knockdown of PSF with
siRNA could not be achieved despite repeat attempts (data not
shown). Cells transfected with nontargeting siRNA showed a
robust increase of occludin and claudin-5 (~60% and 40%,
respectively) protein content after 24 hours of dexamethasone
treatment, as previously reported.28 Knockdown of p54 in
these cells using either the smartpool or the individual siRNA
duplexes significantly attenuated the GC-induced increase of
both occludin and claudin-5 expression. Thus, p54 contributed
to the GC-induced transactivation of TJ protein expression.
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FIGURE 1. The OEE binds the transcription factors p54/NONO and PSF following dexamethasone treatment. (A) Nuclear extract was prepared from
dexamethasone-treated BREC and incubated with 32P-labeled OEE oligos. EMSA analysis showed selective binding of a protein complex to the
labeled probe, which was competed away by addition of an excess of cold probe. The scrambled control does not bind the complex. (B) HRECs
were treated with dexamethasone for 24 hours and nuclear extract (NE) was incubated with Dynabead-immobilized OEE oligos in a DNA affinity
purification protocol. Flow-through (FT), successive washes (W1–W4) and a high salt elution (E) were run on SDS-PAGE to identify bound
complexes, demonstrating selective enrichment of certain proteins. Bands were excised from the gel and analyzed by MS/MS following trypsin
digest. The bands identified as p54 and PSF are indicated. Confirmation of the MS/MS analysis is shown in (C), as p54 and PSF from dexamethasone-
treated nuclear extract bound the immobilized OEE strongly following DNA affinity purification followed by Western blot.

p54 NONO in Transcriptional Control of Occludin IOVS j June 2013 j Vol. 54 j No. 6 j 4010



p54 Knockdown Ablates the GC Induction of Barrier
Properties in an Endothelial Monolayer. Knockdown with
siRNA was further used to investigate the contribution of p54
to the effect of GC on barrier properties of endothelial cells.
BREC were transfected with siRNA targeting p54 and seeded
on porous 0.4-lm Transwell filters. Confluent monolayers were
cultured in 1% FBS media with or without dexamethasone for
24 hours. After treatment, a 70-kDa RITC-dextran tracer was
placed in the apical chamber and its accumulation in the
basolateral chamber was measured over 4 hours to determine
permeability. Dexamethasone treatment in cells transfected
with nontargeting siRNA exhibited a significantly reduced
permeability of 45% compared with basal conditions (Fig. 4A),
similar to the effect observed in previous reports.28 Knock-
down of p54 reduced this pro-barrier response to dexameth-
asone treatment to roughly 91% of basal control cells,
significantly higher than dexamethasone treatment alone. p54
knockdown exhibited a permeability 23% greater than the
basal control, a difference that was not statistically significant.
Barrier induction in BREC was also studied using real-time
measures of TER on the ECIS Z-theta system at 4000 Hz once
every hour (Fig. 4B). Dexamethasone treatment resulted in a
60% to 70% increase in TER in cells transfected with
nontargeting siRNA. Knockdown of p54 attenuated the
increase after dexamethasone treatment, resulting in a highly
significant 15% decrease compared with dexamethasone-
treated cells without p54 knockdown.

DISCUSSION

GC treatment is a clinically useful therapy that can effectively
reduce macular edema caused by diabetic retinopathy,5 retinal
vein occlusions,33 and uveitis.34 GCs may be used solely or in
combination with other therapies to prevent macular edema.35

Induction of BRB genes may contribute an important part of
this therapeutic effect. Multiple new formulations of GC are
being developed and used effectively in the clinic, including
dexamethasone36 and fluocinolone acetonide5 implants. Use of
dexamethasone in our studies was designed to specifically
investigate the role of p54 and the OEE in relation to
dexamethasone. It is likely these findings will translate to
other clinically used GCs, including triamcinolone acetonide
and fluocinolone acetonide due to a shared mechanism of
action through the GR. Understanding the mechanisms by
which GCs promote barrier tightening may allow development
of novel therapeutics that circumvent the adverse side effects
of current treatment regimens. We report the identification of
the heterodimeric binding partners, p54 and PSF, as part of the
complex that binds the OEE in the occludin promoter. MS/MS
analysis and Western blotting of the protein complex captured
by immobilized OEE revealed the enrichment of both p54 and
PSF. Furthermore, other junctional genes that exhibit steroid
responsiveness, including claudin-5 and cadherin-9, contain
promoter elements homologous to the OEE. ChIP analysis
revealed loading of the p54 and PSF proteins onto the
homologous OEE in both HREC and in the retina. Finally,
knockdown of p54 with siRNA prevented both GC induction

FIGURE 2. p54 and PSF bind to the OEE in cells and retina. (A) HRECs, under basal conditions and after dexamethasone treatment, were treated
with formaldehyde to cross-link DNA and trans-acting factors. ChIP assays showed the binding of p54 and PSF to the OEE or homologous OEE
present in the promoters of occludin, claudin-5, and cadherin-9 using specific primers flanking the OEE sequence. The distal region of the claudin-5
promoter region not containing the OEE sequence served as a negative control. (B) Rats were killed and retinas were flash frozen. The tissue was
subjected to the same ChIP protocol to show that p54 and PSF basally bound the OEE in vivo in rodent retina.
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of tight junction gene expression and barrier enhancement.
Collectively, these data suggest the OEE acts to coordinate
junction gene expression in response to GC treatment by
increasing transcription of occludin, claudin-5, and cadherin-9.
It is important to note that siRNA targeted against p54
completely blocked the GC-induced reduction in permeability
to 70-kDa RITC-dextran while ion flux was only partially
blocked. The more modest decrease in TER may be due to an
incomplete p54 knockdown, alternative mechanisms of barrier
induction not affected by p54 knockdown, or differences in
the dexamethasone induction of ion versus solute flux.
Importantly, large solute flux occurs through broken junc-

tions,37 whereas ion flux occurs through claudin pores.38

Thus, the trans-acting factor p54 may affect barrier properties
through gene expression of additional TJ and adherens
junction genes as well as proteins involved in junction
organization and regulation. Although not statistically different,
there was a trend toward increased permeability with p54
knockdown, suggesting a basal role in induction of the barrier
separate from steroid treatment.

The heterodimeric p54/PSF transcription factor functions in
multiple, diverse cellular roles. Widely conserved and originally
identified in Drosophila, both factors have been described to
act alone and as part of a heterodimer in transcription,39 RNA

FIGURE 3. p54 knockdown ablates the steroid-induction of occludin and claudin-5. (A) HRECs were transfected with siRNA targeted against p54
and treated with or without dexamethasone in stepdown media. The GC-induced increase of occludin and claudin-5 is prevented by knockdown of
p54 using a smartpool of multiple p54-targeted siRNA oligos and individually targeted oligos (#10 and #11). (B) Quantification of protein levels by
Western blot showed a significant ablation of dexamethasone-induction of both occludin and claudin-5. *P < 0.05, **P < 0.01, ***P < 0.001.
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splicing, DNA repair, and RNA retention,40 and have been
elegantly shown to be involved in the coupling of transcription
and splicing activity.41,42 Multiple reports also show that p54/
PSF is required as a coactivator43 interacting with other trans-
acting factors rather than binding to the DNA cis-element
directly. These reports describe transcription of genes of
variable functionality, but interestingly, a number of interac-
tions involve genes regulated by nuclear hormone receptors,
including the progesterone44 and androgen receptors.45

Transcription of the occludin and claudin-5 genes has been
investigated in the interest of understanding the mechanism of
barrier induction and to improve therapeutic options for
diseases that involve loss of the BBB and BRB. Previous work
has identified a number of cis-sequences of the occludin and
claudin-5 promoters, as well as transcription factors that
regulate their expression (Figs. 5A, 5B). Cytokines, such as
TNF-a and IFN-c reduce expression from the occludin
promoter in a luciferase reporter assay.46 Transcription of
occludin is inhibited by YY1 binding sites clustered at
approximately �1200 to �1700,47 whereas SP3 sites present
directly upstream of the transcription start site have been
postulated to induce transcription of the gene,47 thus
providing a potential model for differential expression of
occludin in brain versus lung vascular endothelium. Addition-
ally, TTF-1, an oncogene amplified in lung cancers, interacts
with a sequence at �27 to �37 of the occludin promoter to
increase expression and paradoxically decrease metastatic
potential.48 Our group and others have previously demonstrat-
ed GC induction of occludin expression. A distal imperfect
glucocorticoid response element (GRE) sequence present in
the occludin promoter has been postulated to direct this GC
response.49 In the current studies, a smaller promoter was
used that did not include the previously mentioned GRE-like
sequence. This shorter promoter maintained GC responsive-
ness and mutations of potential GRE half-sites did not abolish
the GC effect.28 Instead, ChIP analysis demonstrated that p54
and PSF transcription factors bind the OEE of occludin and
homologous OEEs of claudin-5 and cadherin-9, whereas GR
fails to bind. Further, siRNA knockdown experiments revealed
that p54 is required for the steroid induction of barrier

FIGURE 4. p54 knockdown prevents the barrier induction properties
of dexamethasone. (A) BRECs were transfected with siRNA targeting
p54 and seeded on 0.4-lm Transwell filters. After 48 hours, cells were
switched to stepdown media with or without dexamethasone for 24
hours. Permeability to 70-kDa RITC-dextran tracer over a 4-hour time
period was measured. The reduction in endothelial permeability to the
dextran after dexamethasone treatment was ablated by p54 knock-
down (P < 0.05). (B) BRECs transfected with siRNA against p54 were
seeded on 8W10Eþ arrays and TER was measured continually on the
ECIS Z-theta instrument. GC treatment increased electrical resistance
and knockdown of p54 decreased the GC induction of electrical
resistance. After 13 hours of dexamethasone treatment and until the
end of the experiment, p54 knockdown significantly reduced the
glucocorticoid-induction compared with control (P < 0.001). *P <
0.05, **P < 0.01, ***P < 0.001.

FIGURE 5. Known cis-regulatory sequences of the occludin and claudin-5 promoters. A schematic of occludin and claudin-5 promoters is presented
showing activating cis-sequences above the line and inhibitory cis-sequences below the line. (A) The occludin promoter is shown from�2000 to the
transcriptional start site, indicating clustered inhibitory YY1 sites,47 an imperfect distal GRE,49 clustered SP3 sites near the transcription start site,47

lung oncogene TTF-1,48 and the RH4 of the OEE,�126 to�114 of the promoter.28 (B) The claudin-5 promoter is positively regulated by FoxO1,54

ERG,55 and SOX18,56 and inhibited by nuclear factor–jB signaling.60 The homologous OEE is shown at position�1159 to�1147 of the promoter.28

p54 NONO in Transcriptional Control of Occludin IOVS j June 2013 j Vol. 54 j No. 6 j 4013



properties, suggesting p54/PSF binding to the OEE contributes
to gene regulation of occludin and claudin-5. However, we did
not observe an increase in p54 or PSF protein content in
nuclear extracts with steroid treatment, suggesting that GCs do
not act by simply increasing p54 expression. Alternatively, GC
treatment may increase the specific DNA binding activity of the
p54/PSF complex or induce another trans-acting protein that
facilitates p54/PSF binding to the OEE.

Induction of the BBB and BRB has been investigated for
many years to gain insight into the factors that drive
endothelial barrier formation. This research has revealed a
number of mechanisms responsible for regulating expression
of some of the necessary barrier genes. Astrocyte50 and
pericyte51 interactions with endothelial cells, Wnt signaling,52

and Sonic Hedgehog53 all contribute to the vascular barrier
phenotype. FoxO1,54 ERG,55 and SOX1856 have all been
implicated as trans-acting factors responsible for control of
claudin-5 expression, with cell-cell contact being necessary to
relieve inhibition of its expression by Tcf-4/b-catenin.54

Although previous reports have also detailed GC-induced
expression of claudin-5 in the BBB57,58 or blood-nerve
barrier,59 to our knowledge, description of the OEE/p54/PSF
is the first report of a promoter element and trans-acting factor
combination responsible for GC induction of claudin-5 gene
expression. In addition, ChIP results using extracts from rat
retina suggest that the p54/PSF complex is bound to the
occludin and claudin-5 promoters in vivo. How the activity of
these factors is controlled and the contribution of the OEE to
endothelial barrier induction in the brain and retina are areas of
future research that may provide insights for treating diseases
characterized by loss of the BBB or BRB.
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